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Cverview:

During the last contract period we have published two papers, we have

one "in press," with a third ready for submittal and a fourth in the

late-draft stages (see enclosures). The research culminating in these

papers has been supported entirely or in part by ONR contract

N00014-75-C-0539. We also have developed, modified, applied and

documented a three-axis image-analysis system for analyzing holograms of

dynamic particles. A description of the image-analysis hardware,

algorithms for particle sizing and the accuracies attained can be found in

Payne, Carder, and Steward (1983; see attachment). A description of the

nine holographic image analysis subroutines for controlling a three-axis,

2-micron resolution positioning system, particle sizing, and performing

data management functions is also provided along with program listings.

Synopsis of Results

The two papers published last summer resulted from earlier Navy

contracted work. They are:

Fanning, K. A., K. L. Carder and P. R. Betzer, 1982. Sediment

resuspension by coastal waters: a potential mechanism for

nutrient re-cycling on the ocean's margins, Deep Sea Research

29(8A): 953-965.

Carder, K. L., R. G. Steward and P. R. Betzer, 1982. In situ

holographic measurements of the sizes and settling rates of

oceanic particulates, J. Geophysical Research 87(C8):

5681-5685.

In the first paper we demonstrated that very large light-attenuation

-)
coefficients (e.g., C > 3.3 m- ) measured near-bottom (A'30m) during a

P
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winter frontal passage over our three-day time series station south of

Mobile Bay were accompanied by nutrient enrichments of as much as 10-fold

over concentrations found in the overlying waters or between storms. We

provided evidence that sediment resuspension may significantly accelerate

nutrient recycling on continental margins.

The second paper documents the first in situ oceanic measurements of

individual particle settling velocity parameters. They were obtained

using a holographic technique in a vertically damped sediment trap/float

array in the western Sargasso Sea. To our surprise there were significant

numbers of large (15-45 0m) heavy minerals of Saharan dust origin. Such

particles have been heretofore never reported in the aerosol literature so

far (>5000 km) from the Sahara Desert. The holographically determined

sizes, shapes, and Stokes-derived densities matched those determined by

scanning electron microscopy analysis (SEM/EDXA) and particle compositions

of samples collected in the sediment trap.

This research activity also led to three papers which are in various

stages of publication:

Doyle, L. J., K. L. Carder, and R. G. Steward, The hydraulic

equivalence of mica. J. Sedimentary Petrology, (in press).

Payne, P., K. L. Carder and R. G. Steward, A system to catalog and

analyze holographic images of dynamic ocean particles, final

draft to be submitted to Applied Optics.

Carder, K. L., R. G. Steward, P. R. Betzer, D. Johnson and

J. Prospero, Chronology of an aeolian input event to the

Sargasso Sea, to be submitted to J. Geophysical Research.

The first paper reports the findings of a laboratory experiment using

the holographic microvelocimeter. The purpose ot this experiment was to
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determine the settling dynamics of sand- to silt-sized mica flakes. Mica

has been classically considered to have a settling velocity relatively

lower than other minerals of equivalent size and density. This was based

upon the association of sand-sized mica and clay-sized minerals in various

environments. Until our experiment, there had been no quantitative

evidence to support this correlation. The holographic microvelocimeter

provided the means of accurately viewing and measuring the settling

behavior and velocities of individual mica flakes. These data established

that mica is the hydraulic equivalent of quartz spheres between 4 to 12

tines smaller in diameter.

This experiment was conducted using dual beam holography; i.e.

simultaneous holograms were collected along the vertical and horizontal

axes. These data showed that the mica flakes seldom settled in either the

broadwise or edgewise orientation. Also the flakes usually maintained a

stable orientation and rarely rotated further. The data allowed

comparison between two different formulations of Stokes equations modified

for shape and settling orientation. This comparison showed that for

flakes where the diameter is approximately 50 tines the thickness there

was little difference between the two sets of shape modified equations.

For thicker particles, the orientation factors in one set of equations

allowed better accuracy in predicting the settling velocity.

The second paper (see Appendix) describes the image analysis

hardware, algorithm concepts, and algorithm accuracies for a

micro-computer controlled hologram positioning and particle analysis

system. Particle size (area, perimeter), shape, settling velocities, and

Stokes densities are measured/ calcula ted with the system with accuracies

of better than ±4% for high-contrast particle images and better then ±10%
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for low-contrast holographic particle images with optical noise (speckle

and particle diffraction patterns) superimposed. Techniques for improving

signal extraction from the noisy images are also discussed.

The third paper discusses development of a three-week time series of

Sahara-derived aerosol concentrations from the particle data collected by

the holographic particle velocimeter trap data. In essence, a particle

settling model (particle densities and shape parameters) consisting of

eight particle classes (e.g., quartz, hematite, rutile, etc.), was

calibrated by fitting the aerosol concentration data derived from taking

the particles from the sediment trap (30 m depth) back in time, to aerosol

concentration data collected by Joe Prospero on Virginia Key. This in

effect was a natural sedimentation experiment with a 30-meter "settling

tube." It produced Stokes particle densities for each mineral class.

These matched almost precisely our holographically-derived densities

(Carder, et al., 1982) for heavy minerals (e.g., 5.10 vs. 5.20 for

"hematite," 4.10 and 4.16 vs. 4.20 for "goethite" and "rutile"), and for

non-heavy minerals (e.g., from 2.55 to 2.72 versus 2.19 to 2.99). Since

the non-heavy minerals included clays, quartz, and iron/titanium

containing silicates, the variance of density values for these non-heavy

mineral classes would be expected to be larger than for the dominant heavy

mineral classes.

Thus success of this particle dynamics model for aeolian input will

permit us to now look at fluxes of this component as a tracer through the

ocean system (e.g., removal and repackaging by filter feeders) in future

papers. With data collected over 5 days trom traps at 30 m, 100 m and

300 m, development of aerosol time series for the Sargasso of up to 2

months should be possible. This would provide us the capability of
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gathering time series data on aerosol inputs to the ocean in remote

settings without the expense of maintaining a ship on station for long

periods of time. The investigation of the temporal and spatial coherence

of aeolian inputs to the sea might be useful future outgrowths of this

line of research as well as to provide increased understanding of the real

and "optical residence times" that Saharan and Gobi Desert dust have with

respect to light propagation through various regions of the ocean. Our

Sargasso Sea data indicate that Saharan dust particles smaller than about

5.0 Lim diameter have a residence time in the upper 30 m of more than two

weeks (8 weeks for 2.5 i'm particles). Since during the summer, Saharan

dust input events occur every 7 to 14 days, an optical signal may persist

in the upper layers for days after an aerosol cloud has passed by.

Whether or not this aeolian residue has a significant effect or. interpre-

tation of remotely sensed optical data or optical signal propagation.

awaits future study.

Other- resu-lts apparenlt from. the. data of Carder et al. (in

preparation) are as follows:

1. Aerosol size distributions and mineral types change

significantly with the phase of the aerosol clouds:

a. A disproportionately larger fraction of the particles are

heavy minerals and "giant" particles ( 10 I'm diameter) in

the leading edge of the cloud than at the trailing edge .

Aeolian particles in excess of 60 Lim diameter were

observed.

b. Conversely, the trailing edge has a paucity of large, heavy

particles.
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c. A far larger fraction in summer dust clouds are heavy

mineral particles than in winter, suggesting that the

summer source, which is considerably north of the winter

harmatan source, is a more titanium/hematite/goethite-rich

region.

IMAGE ANALYSIS SOFTWARE

The image analysis software developed in collaboration with Aztec

Computer Engineering for this contract is composed of nine subroutines.

The source code of each is listed in the Appendix. With this software the

analysis of the holographic image is now semi-automated. The computer

permits precise registration of the holograms, high resolution scanning of

the video images to measure the particle area and perimeter, calculation

of the particle fall distance between frames for velocity, and data base

management. These software modules are described below.

1. MAIN The main routine controls the flow of the other modules

through a menu, calculates particle settling velocity, and writes the data

onto floppy disks.

2. HELP This is a help routine which can be entered at various

places in the main routine to explain the program operation, operator

inputs, and computer responses.

3. FMOVE Frame move is a routine to control the hologram

positioning in three dimensions using the computer joystick and/or the

keyboard.

4. STAGE This is the interface subroutine that interprets the

output of the joystick and/or keyboard and moves the XYZ stage motors.
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5. JSINP Joystick input is an interfacing subroutine which outputs

a digital number from the computer joystick to be used in control of the

XYZ stages or the video cursor.

6. PSCAN Particle scan is a routine that measures the area and

perimeter of a video image. This algorithm operates by looking for video

pixels of higher intensity than an operator selected threshold.

7. TVSCN Television scan is a subroutine of PSCAN which allows the

operator to move the video cursor to the center of the video screen,

particle center, and particle extremes. After setting the extremes of the

particle, this routine sums up the area by counting all pixels greater

than the selected threshold and sums up the perimeter fron the number of

the rows and columns of the scanned area.

8. TRACK This is the particle edge tracking routine which

automatically tracks around the edge of the video image. This algorithm

tests for an operator-selected video amplitude gradient that approximates

the particle edge conditions.

9. TVTRK The television tracking routine is a subroutine of TRACK

which moves the video cursor around a circle at each XY position on the

particle edge. In moving around this circle, the video amplitude is

tested to see if two adjacent perimeter points on the circle have

difference in video amplitude which exceeds the selected gradient. If a

complete circle is made, or if the gradient is exceeded then the routine

returns the XY coordinates of the perimeter point to be used as the center

of the next scan.

7
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MAIN PROGRAM FOR THE AZTEC HOLOGRAPHIC IMAGE ANALYSIS SYSTEM
C 'EVISlON 0.30, 5SEP 1982

LOGICAL ESC. AST, AMS,CHG. ILE( il),tAE(8S )SATE" 3).UORDS( 46)
INTEGER RMXFMAX FRAME PART FR! FR2
INTEGER FRM( i).PAT( 16)PX( 16).PY( 10),P-Z( 10).SEX( 10),SY 0
iNTEGER SAREA( 10),SPERIM( 10),SWIDE( 10 ),,;TALL,' 10) -
fNTEGER TAREA( 10), TPERIM( 10), TLEN( 10), TA( 10,100), TY' 10. 100)
INTEGER HIP FX FY F7 SXSY,SA,SP,SW,SH, TA,TP,TL, TW( 100), TH~f 100)
DIMENSION TIMEI 10')
EXTERNAL HELP FMQYE PSCAN. TRACK
EXTERNAL JSINP. STAGt, TVSCH, TVTPK
COMMON ESC,AST,HLP,FX,FY,FZ,SX,SY,SA,S-P,S W,SH4A7'TP.TL.7U. TN

QISPLAY TITLE AND OVERVIEW SCREEN (HLPzl)

AST42
OLP1l
L ALL HELP

c INITIAL17E SUBROUTINE PARAMETEPS

FX=O

FZ=0)
SX= 128
5-yz12 3
SA=O

TP=O

T:)

TH( J)=O
105 CONTINUE

r SELECT TASK OF DISPLAY H.L,T,X* SIPEEN (HLP:2)
C
110 '4RITE(1.1100)
1100 FORMAT( ' SELECT (L )OAI OR (T )EST:

READ( 1,1110)ANS
1110 FOR:MAT( 1'1)

HLpz:
IF( ANS.E0.72 )CALL HELP
IF( ANS.Eg.76 )GOTO 200
IF(ANS.E0.84)fGOTO 12)0
IF(ANS.E0.88)GOTO 196
GOTO 110

C
C SELECT TASK OR DISPLAY H,F,P,T,X SCREEN (HLP--3)
C

I I~ FORMAT( SELECT (F )MOVE, (P )SCAN CR (T )RASI:
FEAD( 1,1110 )ANS
HLP=3
IF( ANS.EO.72.'CALL HELP
IF( ANS.EO.70 )CALL FIIOVE
1Ff ANS.EQ.80 )CALL FSCAN
IF( ANS.ED.84 'CALL TPACK
IF(ANS.EO.88)G0TO 190
G010 110

" ELECT TASK OR DISPLAY II ,E*~ ,XSCR:EEN (HLP=;)
C
120o WRITE(.1130)
11LO FORMAT( ' SELECT (D)ISPLAY.(ElfTER.(cSIAVE OR IV~Z

FEAD1( 1,1110'ANS
HIP: 4
TF( ANS.EO.72 )CALL HELP
IFIANS.EP,68)GOTO 4s00
IF' *S.E9.69 )rOT0 60)
IF(ANS.EO,83 'GOTO 800
IF( ANS.EQ.86)G0T0 9'0
lF(4NS.EO.89£.OT0 190
GOTO 130



C
C SELECT TASK OR DISPLAY H.F.P,.S,R.X SCREEN (HLP=5)
C
140 URITE(1,1140)
1140 FORMAT( ' SELECT (F )OVE,( PSCAN,( T TACK.( S )TORE,-"C )ONTINLIE:

READ( 1,1110)ANS
HLP=5
IF( ANS.Eg.72 )CALL HELP
IF( AMS.EO.70 )CALL FMOVE
IF( ANS.EG.80 )CALL PSCAN
lF( ANS.EQ. 4 )CALL TRACK
IF( ANS.EQ.83 )COTO 700
IF(ANS.EQ.67C-OTO 130
IF(ANS.EO.88)GOTO 100
COTO 140

C RESTART, EXIT OR CONTINUE

190 WRITE( 1. 11?0
1190 ORMAT( ' (R )ESTART, (E)XIT, OR (C 'ONTWIUE:

fA(1. 1110 )ANS
HLP:1
IF( ANS.EO.72 'CALL HELP
IF(ARS.Eg.67)GOTO 100
IF( ANS.E11.82)GOTO 10f)
IF( ANS.EQ.69 )COTO 1000
COTO 130

C ENTER FILENAME

20 RITE(1,1200)
1200 FORMAT( '+ENTER FILENAME:

READ( 1, 1210 )( FILE( J ). J=I. 11
1210 FORMAT(11A1)
210 WRITE(1. 1120)
1220 FORMAT( '4EN.TER (O)LD OR ( N EW FILE:

READ( 1.11!0)ANS
IF(ANS.Eg.79 )COTO -00
IF( ANS.Eg.78 )CITO 22)
COTO 210

C
C SETUP HEADER FOR NEW FILE-- CF: CHANGE OLD' HEADER

20 CHG=O
RmAX=0
FMAX=O

230 WR ITE( 1. 1 30
1230 FORMATV*ENTER NAME: '

READ( 1. 1235 )(NAME( J),J=1,8)
1235 FORMAT(BA1)

IF(CHG.EO.1 )C0TO 400
2140 WRITE( 1.1240)
12'40 FORMAT('+ENTER DATE: '

READ(1. 1235)( DATE( J), J~1, )
IF(CHC.EO.1 )GOTO 400

250 WRITE(1,1250)
1250 FORMAT( '+ENTER COMMENTS:

READ( 1. 1260 )( WORDS( J ), J~l.46)
1260 FORMAT(46A1)

IF(CHG.EQ.1 )COTO 400
260 WRITE(1,1270)
1270 FORMAT( '+ENTER FIAX: 1)

READ( 1 1'75 )FI AX
1275 FOPMAT'19)

WRITE( 1,1280)
1280 FORMIAT(' FRAME TIME'/)

DO 270 1=1 FMAX
WRITE( 1,1290 1I

1290 O EiilJ V
1300 FORMAT(F8.3)
270 CONTINUE

COTO 130
c

C READ OLD DATA FROM DISK

30 CALL OPEN( 6, FILE. 1
READ( 6. 1310 )PMAXF. 1 ,OAME( J J:1. C,'DATEt 1 ''

1 ( WORDS( J),J1. 46 )
1310 FORNMAT(&218,2(8A1 ),46A1'



IF( FMAX )370, 370, 310
310 DO 320 1=1 FMAX

READ(6. 120 )TIME( I
1320 FORNAT(F8.3)
320 CONTINUE

IF( RMAX )370 370 ,330
330 Do ;60 I:..~fAW

READ(6, 1330 )FRM( I ),PRT( I .FX( I )P( I 1 PZ( I ~
1 SAREA( I) SPERIM( I),:SEX( I. EY( I) SWIDE( I ).STALL( I)
2 TAREA( I' TPERIM( I ), TLENR I)

1330 FORMAT(i18)
LEN=TLEN( I)
IF( LEN )360, 360,340

340 DO 350 J:1 LEN

1340 FORMAT(218)
350 CONTINUE
360 CONTINUE
"o0 ENDFILE 6

C.OTO 130
C
C DISPLAY FILE HEADER AND CHANCE AS PEOIRIED
C
400 WRITE( 1,1400)ESC,rAST.,FILE(J,J=111).CNAME( J),J ., )

1 (DATE( J).J=1.8),:MAX.FmAX,(WORD( J,J1,',)
1400 FORMAT( 1X.2A1/' FILENAME: '*II'NAM1E:.31 DATE:,2'

1 'RMAX: '18 ' FMAX: ',18/' COhMENTS: '.4icml

2 FRAME TIME')
IF( FMAX )420. 420. 405

405 DO 410 I=1,FM4AX
WRITE( 1. 1410 )1. TIME( II

1410 FORMAT( 14. 4X.3.3
410 CONTINUE
4.,0 WRITE(.1420)
1420 FORMAT( 'CHANCE (N )A~iE.( 11 )tATE,(f. £ O0NENTS OR 'F o AhE TIrE2

READ( 1. 1110 )AO.S
CHG:1
HLP=7

IF( ANS.EG.72 'CALL HELP
IF( ANS.EQ.i8 lGOTO 230
IF(ANS.E@O.t8 GOTO 24)
IF( ANS.EO. 57 GOTO 250
IF( ANS.EQ.70 '0010 422
COTO 430

422 WRITE( 1, 1424)
1424 FORMAT( '+ENTER FRAME NO: ')

READ( 1,1275 )I
IF( I-FMAX )428. 426, 426

426 FMAX=FMAX+1
TIME( I)=0

428 WRITE( 1, 1430 )TIME( I)
.143) FORMAT( '+OLD FRAME TIME: 'V8B.31" ENTER NEW FRAME TIME:

READ( 1, 1300 )TIME( I)
COTO 400

C
C ENTER FRAME AND PARTICLE FOR DISPLAY
C
4,0 WRITE(1,1440)
1440 FORMAT( '+ENTER FRAME NUMBER OR ( CR) FOR ALL rF'AMES:

READ( 1, 1275 )IFPM
WRITE( t, 1450 )

1450 FORMAT( '+ENTER PARTICLE NUJMBER OR ( CP) FOR ALL PARTICLES:
READ( 1 1 75 IPRT
IF( IFRA )432,440, 432

432 IF( IFRT )540, 510, 540
44') IF( IPRT )480, 450, 480

c DISPLAY ALL DATA IN. FILE BY FRAME AND PARTICLE

40 WITE(1,1460)ESC AST (FILE(J),J=1,11)
1 40 FOFMAT(Iy.2A1/' HILENAME: ',11AI./

I1 ---FRAME-PAPTCLE-- -AXIS--Y AXI:--7 AXIS',
2 '--AREA-SPERIft--SWIDE --- STALL

9O 470 Izl,FMAX
60 WRITE' 1.1470 'RM() I I A ( I F( '

SAFEA'ItERM ) WE)I~.TL(I

40 CONTINUE
C0TO 131)



C DISPLAY PARTICLE DATA BY FPAME
C
480 WRITE( 1,1480)ESC AST (FILE(J) J:1, 1 1) IPRT
1480 FORMAT(1X ')Al/' HLEWAE: ',IIAI/' PATICLE: '11

I ' ---FRAM[-X AXIS--Y AXIS--Z AXIS',
2 '----SCNX----SCNY --- SAREA--SPERIM---E;WIDE --- STALL''

Do 500 I=1,RtiAX
IF( PRT( I)-IPRT )00 490 500

4 WRITE( 1,1490)FRA(I ,PXII),PY( I )PZ(I
1 SEX( I ).SEY( I ),SAREA( I), SPERIM( I ),S.WIDE( I ), STALL( 1)

1490 FORNAT( 1018)
500 CONTINUE

GOTO 130
C
C DISPLAY FRAME DATA BY PARTICLE
C
510 WRITE( 1. 150O)ESC. AST, (FILE(J ), J1.,11 ), IFFM
1500 FORMAT(lX 2A1"I FILENAME: ',l1Al?- FR~dE: ',IS/'

I ' -PARTCLI"-X'AXIS--Y AXIS--Z AXIS'
2 '---SARA--SPERI --- SWIDE --- STALL --- AREA--TFERIM')

DO 530 I=1,RMAX
IF( FPM( I )-IFRN )530, 520. 530

.20 WRITE( 1, 1490 )PRT( I PVFX I ) j'Y( I) PZ(l 1
1 SAREA( I ), SPERIM( I1 -7DE 4 ,SAL '
2 TAREA( I ),TPERItI( I)

J30 CONTINUE
GOTO 130

DISPLAY EDGE DATA FOR SELECTED PARTICLE AND' FRAMIE

S0 DO 540 I=1,RMAX

IJRIE( R 52JT( I FM)6.J5,T .56 )
152 IF(RAT( 318P)50706(
590 CONTINUE

COT0 130

C ENFRAM E AND P.AR TPI I TENIFIAI

160 FIRALENER l~ FRAME : ') 8'PRTCE S

IF( FRAME )b00,0~1
610 DO( FR590 '620 6. 060

20 WRITE(1. 150)JT .JT ,J
1610 FORMAT(NTRPATCL O:'

CFOTOR 130, 2,
630 TE I F RAN PART ICL )640, 640. 620l

C

SXA(1275FRM

SY: 1275)PR
SF(A 062.3

63 SF(PR460,4.2
64 D 60 IIRA

IF RS -RME)5 O4 5
TA5-IF(R()PR) 301

65 OT INUE
RT FAEADPRICEDT O:P



Du655 J=1, 100

TH(J)=O
55 CONTINUE

GOTO 140

c RESET TO RECORD DATA

160 FX=PX( I)
FY=PY( I)
FZ=PZ(I)
SX=SEX( I)
SY=SEi(I)
SA:SAREA(I)
SP=SPERIi( I)
SU=SUIDE( I)
5H:STALL( I)
TA=TAREA( I)
TP:TPERIM( I)
TLrTLEN' I)
IF( TL )665, 670. 6-

65 DO o70 J=1,TL
TW(J)=TX( 1, J
TH(J )=TY( 1, J

670 CONTINUE
COTO 140

SET RECORD DATA FOR SELECTED FPAIIE AND PARTICLE

~) iF( RMAX )730. 730. 710
71'0 1O 730 I=1.RMAX

IF( FRM( I )-FRAME )730. 7201730
'10 IF( PRT( I)-PART )730, 740.,2

70 CONTINUE
RMAX=RhiAX41
I=RMAX

'40 F~FM( I )=FRAhE
F'RT( I)=PART

PY( I'=FY
P7( I =FZ
Efx( I )=SX

SEY(I)=SY
SARFA(I)=SA
apERIN( I )=sp
SWIE'E( I ):3S4
STALL( I )=SH
TAPREA(I)=TA
TPERIM( I )=TP
TLEN( I )=L
IF( TL )750, 760, 750

7'A DO 760 J=1.TL
TX(IIJ)=fJ( J)

760 CONTINUE
COTO 130

C
C SAVE DATA ON DISK
C
800 CALL OPEN(6 FILE,1)

WRITE( 6, 181b )RMAX, FMAX, (NAME( J ),J=, 6 (DATE(J J:!S
1 ( WORDS( J), J= 1, 46 ) "J1

1810 FORMAT( IX, 218.2( SAl ),46A1)
IF(FMAX)860 860,810

810 DO 820 Iz1 NAX,
WRITE( 6,1820 )TIME( I)

1820 FORM4T(IX,F6.3)
8210 CONTINUE

IF( RMAX)860 860, 830
830 DO 860 I=I.kMAX

WRITE( 6. 1830 )FRM( I ), FRT( I ),F( I :,Y( I) FZY I ~
I SAREA( I )SPERIM( I ).EX( I ). CEY( I ,SWIE'E( I ),STALLU I ~
2 TAREA( I) TPERIM( I) TLEN( I

1830 FORMAT( 1,14I8)
LEN=TLEN( I)
IFl LEN )860. 860,840

.040 DO0850 J:1 LEN
WRITE' 6.1840 )TV( I, J ),TY( I. J)

1940 FORMAT(l1,,218)
850 CONTINUE



6&0 'CONTINUE
ENDFILE 6

COTO 110 VEOIYFRJLLIIPATCE rirrn.

C COMPUTE DRIFT VLCT O EETDPRIL'ADFAE
C
?00 WRITE( 1,1900 )ESC,AST
1000 FORMAT(I lx A1

I DRIFT VLOCITY AND AVERAGE PARTICLE S17E COMPUTATION'/
2 ENTER FIRST FRAME: '

READ( 1,1910 )FRI
1910 FORMAT(18)

WRITE( 1. 1920
192 FORMAT('+ENTER SECOND FRAME: '

READ( 1, 1910)FR2
PT:TIME( FR? )-TINE( FRI)
)JRITE{ 1.1930)DT

1030 FORMAT( '+TIME DIFFERENCE: 'F~.,
I ' PARTICLE --- X VEL---t VEL --- VEL'.
2 '----AREA---FERIh---4IDTH--lE TGHT)

lF( DT )902. 120,902)
~2 IF( RMAX ) 130, 130, 905

)5 DO 950 I=1,RMAX
IF( FR?1 1)-FRI )950, ?10. ?50

010 DO 940 J=1.RMAX
IF( FRM(J )-FR? )940, 20. 94.0

20 IF( PRT( I )-PRT( J) )940, 71. Q40
3ODx=px( J -Px( I)

DY=PY( J )-PY( I)
DZ=PZ( I )-PZ( I'
XVEL=DX/DT
YVEL='Y 101
ZVEL=DZ/DT
AREA*( SAREA( I )sSAREA i) '2
PERIM* SPERIMW I )frFEPiM( .J) )/2
WIDTH=( SWIPE( I l+SbJIlE( Jt1/
HEIGHT=( STALL( I)+STALLiJ'12
WRITE(, 1940)PRT( I~,YE,(E z.

1 AREA, PEPIM, WIDTH.IHEIGHT
1940 FOR.MAT(1XIB8.7F8.3)

CONTINUE
950 CONTINUE

COTO 130
C
c EXIT FROM PROGRAM AND RETURN Ta SYSTEM1

1000 CONTINUE
END



C SUBPROGRAM TO HELP OPERATOR USE THIS SYSTEM BY DISPLAYING
C ADDITIONAL INFORMATION AND INSTRUCTIONS ON THE CRT WHEN
C CALL-.' FROM DIFFERENT PARTS OF THE PROGRAM
C REV1ION 0.12, 28 AUG 182
C

SUBROUTINE HELP
LOGICAL ESC.AST

INTEGER HLP
COMMON ESC,AST,HLP

WRITE( I,1000 )ESCAST
10,0 FOROAT(IX,2AI 'ADDITIONAL I0FORhATION AND INSTRUCTIONJS'!)

GOTO( 100,200,300,400, .00,6-$0.')0, C,',O ), HLPC
C OVERVIEW SCREEN
C
100 WRITE( i.1010 )ESC,AST
1010 FORMAT( IX,.2Al/

I - HOLOGRAFHIC IMAGE ANALYSIS SYSTEM ----------
2 ,Written by'/
3' AZTEC COMPUTER ENGINEERIIWG','
4 ' St. Fetersbur.), i,-fida"

28 AUGUST 199--,'
------'-----------------------------------------------

t10 WRITE(1,1020)
1020 FORMAT( ' THE PROGRAM WILL PERFORM THE FOLLCWItJG FU6CTIOLS:

1 1. (H)ELP DISPLAYS MORE DETAIL AT ANY STEP IN THE F'OGRA1I
2. (L)OADS EXISTING DATA FROM DISK TO E6ORY'!
3. (D)ISPLAY PRINTS DATA BASE BY FRAME OR PARTICLE 0. CRT',

4 4. (E)NTER ADDS NEW DATA OR CHANGES CLD [DATA 1I; mEMORY'
5 5. (S)AVE WRITES COMPLETE DATA BASE FROI MEMORY TO DISK'
6 6. (F)RAME MOVES STAGE TO REFERENCE OR FARTICLE FOSITD N',,
7 7. (P)ARTICLE SCANS IMAGE TO FIND PARTICLE SIZE.'
8 7. (T)RACK TRACES IMAGE TO FIND F ARTI'LE ZIZE .@ ED6E'.
9 8. (V)ELOCITY COMPUTES DRIFT VALUES FOR SELECTED ARTICLEi
A 10. E(X)IT LEAVES PROGRAM AND RETURNS TO OFERATIG -ISTn

RETURN
C
C LOAD AND TEST SCREEN
C
200 WRITE( 1,1200)ESC,AST
1200 FORMiAT( IX, Al/

1 THE FOLLOWING FUNCTIONS MAY BE INVOKED AT THIS LEVEL:'/'
2 1. (H)ELP DISPLAYS THIS SCREEN'//
3 2. (L-OAD READS NEW DATA FROM DISK OVER OLD DATA I MEOOnRY'/i'
4 3. (T)EST ENABLES THE STAGE TVSCAN AND TVTRACK FUNCTIONS''
5 TO BE TESTED BEFORE ANY bISK FILES ARE LOADED Ili MEORY'i
6 4. E(X)IT RETURNS OPERATION TO CDOS','/
7 REMEMBER!!'//
8 SAVE OLD DATA BEFORE LOADING NEJ DATA CR','
9 EXITING TO OPERATING SYSTEh!! i)

RETURN
C
C FRAME, SCAN AND TRACK SCREEN
C
300 WRITE( 1,1300 )ESC,AST
1300 FORMAT( IX 2AI/

I ' THE FOLLOWING FUNCTIONS MAY BE TESTED AT THIS LEVEL:'/'
2 ' 1. (F)RAME ENABLES XYZ STAGE TO IE TESTED WITH JO(STICi','/
3 ' 2. (P)ARTICLE ENABLES IMAGE TO BE '2CANNED WITH TV CURSOR''/
4 ' 3. (T )RACK ENABLES PARTICLE EDGE TO iE TRACED BY PROGRAh'/,)

RETURN
C
C DISPLAY, ENTER, SAVE AND VELOCITY SCFEEN
C
400 WRITE(1 1400)ESC,AST
1400 FORMAT(IX 2AI/

I THE FOLLOWING FUNCTIONS MAY BE INVOKED AT THIS LEVEL:'
2 1. (D)ISPLAY PRINTS POSITIONAL DATA B; FRAME OR PAFTICLE!'
3 AND EDGE DATA WHEN BOTH FRAME AND FAPTICLE ARE ENTERED ,;
4 '2. (E)NTER ENABLES FRAME AND PARTICLE :,,iTA F;OM X'rZ STAGE,
S' TV SCAN AND TRACK FUNCTICNS TO E:E I[ENTIFIED AND STERE1',

6 3. (S)AVE WRITES ALL DATA Il MEnORfY TO 1131, LNDER FILEi.,nE',
7 4. (V)ELOCITY COMPUTES DRIFT VALUES FOR .ELECTED FART:CLE,

RETURN

C FRAME. SCAN, TRACK, SET AND RESET SCREEN
C



'jOo WRITE(1 1500)ESC,AST
1500 FORMAT(IX,2A1/

1 THE FOLLOWING FUNCTIONS MAY BE INVOKED AT THIS LEVEL:/i
2 1. (F )RAME ENABLES PARTICLE POSITION TO BE DETEFRAIIED BY'!
3 MOVING FRAME WITH THE XYZ STAGE UNDER JOYSTICK CONTROL'//4 2. (P)ARTICLE ENABLES PARTICLE SIZE TO BE DETERMINED BY'/
5 SCANNING TV CURSOR OVER IMAGE UNDER JOYSTICK CONTROL'//
6 3. (T)RACK ENABLES THE EDGE TO BE DETERMINED BY FOLLOWING'!
7 THE PERIMETER USING THE JOYSTICK FOR INITIAL CCOTROL'/I
8 4. (S)ET TEMPORARILY SAVES THESE VALUES FOR SELECTED FR;ME'!
9 AND PARTICLE',//
A 5. (R )ESET RESTORES TO ORIGINAL FRAME AND PAFrTICLE ;AL ES'

RETURN
C
C ENTER, NEXT OR SAME SCREEN
C
600 WRITE(1,1600)ESC,AST
1600 FORMAT(IX, 2AI/

I ' THE FOLLOWING FUNCTIONS MAY BE INVOKED AT THIS LEVEL:'/!
2 (E)NTER ENABLES A SPECIFIC FRAME OR PARTICLE TO BE S ELECTEID,''
3 (N)EXT SELECTS THE NEXT FRAME OR PARTICLE IN SUCCESSION'//
4 ' (S )AME ENABLES THE SAhE FRAME OR PARTICLE T0 BE REFEATEI,'/)

RETURN
C
C NAME, DATE AND COMMENTS SCREEN
C
700 WRITE(1.1700)ESCAST
1700 FORMAT( IX ,AI/' NOTES ON ENTERING NAhE, [LATE Af;D CCMEi!TE :

I ANY EXISTING DATA NOT PROPERLY SAVED WILL .E DE5TR0iE[!
2 FILE NAMES CAN FE A STRING AS GREAT "S 8 CHARACTUS :UT .J:T'/
3 START WITH A LETTER. YOUR NAME AND DATE CAN EE AcS GREAT'i
4 AS 8 MIXED CHARACTERS WHILE COMMENTS CAN EE AS GREAT AS 7.

5 REEMBER!11'
6 SAVE OLD DATA BEFORE CREATING NEW FILE,!!

RETURN
C
800 RETURN

END

A.



c FMOVE SUBROUTINE TO MOVE STAGE IN XYZ AXIS
C REVISION 0.28, 2 APR 13C

A. MOVE STAGE TO (F)RAME REFERENCE (MOVE X.Y.Z TO 0.0.0)
P. MOVE STAGE TO (P)ARTICLE POSITION iMOVE X,YZ TO F.FY .F2)

C ENTER COMMANDS FROM (J)OYSTICK
C 1. MOVE STAGE IN X AND Y AfIS

2. MOVE STAGE IN X AND Z AXIS
C 3. SET PARTICLE POSITION AND RETURN
C 4. RETURN
C D. ENTER COMMANDS FROM (K)EYBOARD
r 1. INPUT (X),(Y),(Z) AXIS
c 2. (R)ESET FRAME REFERENCE (RESET XZ TO 0.0
C 3. (S)ET PARTICLE POSITION (SET FX.FY.FZ TO X.Y.:)
C 4. RETURN
C E. RETURN
C

SUBROUTINE FMOVE

LOGICAL ESC.AST. ANS
INTEGER XYZM, XOUT.YOUT,'OUT, KJS, JSK. JSX. JSY. JSZ
INTEGER HLP, FX, FY.FZ, SX.SY.SA, SP, SW.SH, TA. TP. TL,TW(100),TH(100)
EXTERNAL JSINPSTAGE
COMMON ESCAST.HLP,FX,FY.FZ,SX,SY. SA.,SP.SW cH TA. TP, TL.TW, THC

- ENTRY POINT
C

XYZM=O
CALL TVSCN(XYZN)
XOUT:O
YOUT=O
ZOUT:0JSK=O

JSX=O
JSY=O
KJS=O

C SELECT MODE FOR MOVING STAGE
c100 WRITE(IO1100)

1100 FORMAT('+MOVE TO (F)RAME REFERENCE.(P ARTiCLE POSITION.'.I'(J,)OYSTICK OR (K)EYBOARD ENTRY:
READ( 1, 1110 )ANS1110 FORMAT( LAI )
HLP=11
IF( ANS.E.72)CALL HELP
IF(ANS.EO.70 )GOTO 200
IF(ANS.EG.80)GOTO 300
IF( ANS.EQ.74 )GOTO 400
IF(ANS.Eg.75)GOTO 500
GOTO 600

C MOVE STAGE TO FRAME REFERENCE
C
200 XYZM=I

XOUT=O
YOUT=:
ZOUT=O
CALL STAGE(XYZM. XOUTYOUT)
WRITE(1,1200)

1200 FORMAT( +MOVE STAGE TO FRAME REFERENCE')
GOTO 100

C MOVE STAGE TO PARTICLE POSITIONC
300 XYZMK=

XOUT=FX
YOUT=FY
ZOUT=FZ
CALL STAGE(XYZM, XOUT, YOUT)
WRITE(! 1300 )

!700 FORMAT('+MOVE STAGE TO PARTICLE POSITION'
GOTO 100

Cc

4,)0 4RITE( 1, 1400 )ESC, AST
I00 FORMAT( IX,2AI,

I ------------------ JOYSTICK XYZ MODES ------------------
' 1. MOVE STAGE RIGHT (X) OR UP (Y)',



3 2.MOVE STAGE FIGHT (X) OR FORWARD (Z)'/
4 3.SET POSITION
5I 4. CONTINUE''/
6 '----MODE --- JX---JSY --- JSZ----vOUT ---- YOUT------OUT';'

JSK=O
JSX:0
JSY:0
JSz-0
,'JS=0

410 WRITE( 1. 1410 )JS, JSXJSY. JZ. OUT, YOUT.CIJT
1410 FORMAT('+' 716)

CALL JSIxN JSK,JSX.JSY)
IF0 SN )430, 430, 420

420 IF( JSK-9 )440. 600, 600
430 IF(KJS)410,4i0,450
440 KJS=JS(
450 GOTO( 460. 470. 470, 560, 560,560,560.100). .JS
C
C X AND YAXIS
C
460 XYZM~1

XOUT=XOUT*!SX/10
YOUT=YOUT4JSY/10
CALL STAGE( XYZM. XOUT. YOUI)
GOTO 410

C
C X AND ZAXIS
C
470 XYZLM~1

Jsz~jsy
XOUT=XOUT+JSX/10
ZOUTZOUT+JSZ/10
CALL STAGE( XYZI. XOIJT.YGrUT)
GOTO 410

C
C ENTER COMMANDS FROM KEYBOARD
C
J00 XYZM~1

WRITE(1,1500)
1500 FORMAT( '+ENTER (X).( , ,('L) VALUE,(R)ESET REFERENCE OR'.

1 '(S)ET POSITION: '
READ(1,1110)A4S
HLP= I
IF( ANg.E0.-2 )CALL HELP
IF(ANS.EO.88)GOTO 510
IF( ANS.EO.89 )GOTO 5210
MFANS.EQ.90 )GOTO 530
IF( ANS.E9.82 )GOTO 550
IF( ANS.E9.83 )GOTO 5.10
COTO 100

C
510 WRITE(1,1510)
1510 FORMAT( '4X VALUE: '

READ( 1.1520)XOUT
1520 FORMAT( 18)

COTO 540
520 WRITE(, 1530)
1530 FORMAT(I+Y VALUE: ')

REAM( 1520)YOUT
GOTO 540

530 WRITE( 1, 1540)
1540 FORMAT('+Z VALUE: '

READ(1 1520 IZOUT
540 CALL SfAGE(XYZM, XOUT. YOUT)

GOTO 500
C
5FO XYZII=0

CALL STAGE(XYZM)
COTO 500

560 FX:XOUT
FY=Y OUT
FZ:ZOUT
GOTO 100

600 CONTINUE
RETURN
END



STAGE SUBROUTINE
REVISION 0.20, 27 JULY 1982

THIS ROUTINE MOVES THE XYZ STAGE TO THE DESIGNATED
POSITION AND RETURNS.

STAGE( XYZMEHL, XOUTCDE, YOUTEBC3 ),OUTEBC2

ENTRY STAGE
STAGE: LD A,(HL) ;GET FLAG

ADD A,O ;CHECK ZERO FLAG
JP NZ, START ;START XFER IF FLkG Ot,
LD A 0 ;RESET A PEG
OUT (64H),A ;AND OUTPUT
RET ;RETURN

START: PUSH BC ;GET Y AXIS ADDRESS
POP HI ;AND PUT IT IN HL REG
INC HL ;INCREMENT ONCE
INC HL ;TWICE
PUSH HL ;SAVE Z AXIS ADDRESS
PUSH BC ;SAVE Y AXIS ADDRESS
PUSH DE ;SAVE X AXIS ADDRESS
LD A,208 ;INIT AXIS CODE
LD (ACODE),A ;AND SAVE
LD A 3 ;INIT AXIS COUNT
LD (ACOUNT),A ;AND SAVE

AXIS: LD A 5 ;INIT DIGIT COUNT
LD ([COUNT),A ;AND SAVE
LD C 1?2 ;INIT DIGIT CODE
POP HL ;RECALL AXIS ADD;ES3
LD E (HL) ;GET AXIS VALUE (LLW BYTE)
INC HL
LD D (HL) ;(HIGH BYTE)
EX DLHL ;MOVE VALUE TO HL
LD IXDECADE ; INIT DECADE ADD'ESS
LD E,(IX) ;LOAD HIGHEST DECADE (LOW EYTE)
INC IX
LD D (IX) ;(HIGH BYTE)
INC IR
SBC HL,DE ;SUBTRACT HIGHEST DECADE FROh VALUE
JP P NEG ;JUMP IF VALUE IS NEGATIVE
ADD HL,DE ;ADD BACK HIGHEST DECADE
LD BO ;LOAD POSITIRE FLAG
JP POS ;VALUE IS POSITIUE

NEC: LD B,8 ;LOAD NEGATIVE FLAG iNTO B :rEG
EX DE,HL ;EXCHANGE REGS
SBC HL,DE ;COMPLEMENT VALUE

POS: XOR A ;RESET OUTPUT WO ,[ TO ZEFO
OR A ;CLEAR CARRY
LD E (IX) ;LOAD NEXT DECADE (LOW BYTE)
INC IX
LD D (IX) ;(HIGH BYTE)
INC HX

LOOP: INC A ;INCREMENT DIGIT VALUE
SBC HL,DE ;SUBTRACT NEXT DECADE FROM VALUE
JR P,LOO ;DO AGAIN IF STILL FOSITIVE
OR A ;CLEAR CARRY
ADC HL,DE ;TOO MUCH, ADD IT BACK
DEC A
ADD A,B ;ADD SIGN TO OUTPUT WORD
ADD A C ;ADD DIGIT CODE TO OUTPUT WOR.D
OUT (64H) A ;OUTPUT
LD A,(DCOUNT) ;GET DIGIT COUNT
DEC A ;AND DECREMENT
JP Z,OUTPUT ;OUTPUT AXIS CODE IF DONE

LD (DCOUNT),A ;SAVE DIGIT COUNT
L 1:8 ;RESET SIGN FLAG TO ZERO

98 %0OH ii[CDIGIT CODE

;UTPUT: LD A,(ACODE) ;LOAD AXIS CODE
OUT (84H),A ;OUTPUT
ADD A,IOH ;INC AXIS CODE
LD (ACODE),A ;AND SAVE



A,(ACMt~f) ;GET AXIS CO UNTDEC A ;DEC IT
L' (ACOUNT),A ;AND SAVE IT
I E NZ,AXIS ;IF NJOT ZERO 110 AGAINJ

STORAGE AREA

1ECADE: DII 8000H,1O000.0,1 , 0,1,
ACODE: Ds 2
ACOUNT: DS 2
MIOUNT: DS 2

END



TYPE ISINP. 80
* JOYSTICK SUBROUTINE
o VERSION 0.21. 18 JULY lq2

; THIS ROUTINE INPUTS UNIFOLAR DATA FROM THE MODE SWITCH. X AXIS
* AND Y AXIS THEN RETURNS BIPOLAR VALUES TO CALLING PROGRAM

ENTRY JSINP
JSINP: PUSH EC :SAVE JSY ADDEESS

PUSH DE ;SAVE JSX ADDRESS
PUSH HL ;SAVE J3K ADDRESS
IN A, (18H) ;INPUT IS SWITCH
LD B.A ;MOVE IT TO E
LD A.255 ;LOAD A WITH 255
SUE E ;SUE IS SWITCH
POP HL ;GET JSK ADDRESS
LD (HL).A ;STORE MODE
LD E.2 ;INIT AXIS COUNT
LD C.I H ;INIT INPUT PORT

JSXY: IN A, (C) ;INPUT IS VALUE
LD E.A ;LOAD E WITH IS VALUE
LD D.0
LD HL.128 :LOAD HL WITH 128
SEC HL DE ;SUBTRACT IS VALUE FROM 128
JP P.JSOUT :JUMP IF POSITIVE VALUE
EX DEHL ;FIND NEGATIVE VALUE
LD DE.2 5
SEC HL.DE
EX DE.HL

.SOUT: POP HL :GET X OR Y AXIS ADDRESS
LD (HL),E :LOAD DIPOLAR VALUE FOR RETURN
INC HL
LD (HL),D
DEC B ;MOVE TO NEXT AXIS
IP -. RETURN RETURN IF DONE
INC C ;MUST BE Y AXIS
JP JSXY

RETURN: RET
END



C PSCAN SUBROUTINE TO INPUT PARTICLE SCAN DATA
C REVISION 0.28, 7 APR 1983
C

SUBROUTINE PSCAN
C

LOGICAL ESC. AST, ANSWER
INTEGER KJS A, JSX.JSY THRESH VIDIEO
INTE ER XOUf.YO0JT,LOUT fkUT "-ItJP,AiIP,PINP
INTEGER HLP,PX, FY, QZ S SY, SA 'P SW, EH, TA. TP,TL.TW( 100). TW 100)
COMMON ESC, AST. HLP, FX, , FZ, SX, CY, 2A, P. cliSH, TA,TP. TLT. TH

C ZERO CURSOR ON TV MONITOR
C

JSK:0
JSX:0
JSY:0
KJS=0
LR=0
IPRINHT=O
MR=10
NR=1Q
SX= 123
SY= 128
SM:1
SH:1
XOUT=128
YOUT=128
LOUT=130
TOUT :0
VINP:0
AINP=O
PINP:0
VIDEO=('
THRESH :0
CALL TVSCN(TOUT)

C
C DISPLAY JOYSTICi' SELECTIONS
C

5 WRITE(1 1000')ESC AST
1000 FORNMAT X, 2Ai,

1 -'---- JOYSTICK PARTICLE SCAN MOPES ------

4' 3. MOVE CENTER OF CURSOR 'c"14
5 4. ENTER COMMANDS WITH LEYFOA:D"
A '--JSMODE--X CNTR--Y CNTR --- WiDTH--qEIGT --- VIDED''

C FIND PARTICLE CENTER, SIZE AND SHAPE
C

KJS=5
10 CALL JSINP(JSK, JSX, JSY)

I F( JSK )20, 20, 30
20 1IF( K JS ) 10, 10, 50

30 IF( JSK-9 )40, 900, 900
40 KJS:JSK

LR=0
50 GOTO ( 100 ,200, 200, 300, 700, 300, 3 00, 400 KJ S
C
c MOVE CURSOR WITH JOYSTICK
C
100 IF(LR)110,110,120)
110 XOUT=SX

YOU T=SY
120 LR:1

XOUT=XOUT+JSX/MR
YOUT=YOUT-JSY/MR
LOUT=YOUT+1
TOUT=1
CALL. T'JSCNXOUT,'4IN?)
VIDED:VINP
GOTO 700

C
C FIND PARTICLE SCAN SIZE
C
l00 SW:sU4JSlx/NR

IF(SW )210,210, 220
21 W4l

220 SH=SH4JSY/PR
IF( SH )230,. 230, '240



20 SHzl
14i0 XOUi=SX-SW

YQUTzSY -SH
LOUT=SY4SH

CALL TYSCN( XOUT,VINP)
XOUT=SX
CALL TVSCN( XOb, ,VI~p)
XOUT:SX+SW
CALL TVSCN( XOUT, VINP)
COTO 700

C
C FIND PARTICLE SCAN CENTER
C
300 SX:SX+JSX/NR

SY=SY-JSY/NR
YOUT=SY-SH
LOUT=SY +SH
TO'JT=l
XDUT=SX-SW
CALL TVSCN( XOUT,V'INP)
XOUT=SX
CALL TVSCN( XOUT,VINPF)
XOUT=SX+SW
CALL TVSCN( XOUT, 'VINP)
COTO 700

C ENTER COMMANDS WITH NEYBOARD
C
400 WRITE( 1.1400)
1400 FORMAT( IX,

I - - -- - ---NEYBOARD COMMANDS -- - - ---2' 1. ENTER THRESHOLDk AND E.CAR I ACUE'/
3 2. REPEAT SCAN WITH SAME THRESHOLDtW
4 ' 3. JOYSTICK~ CONTROL WITH II3PLAr
5 4. JOYSTICK CONTROL WIThOUT DISPLAY'
6 5. SET V'ALUES AND RETUP,)'')

URITE( 1.1410)
1410 FORMAT(1X,'ENTER SELECTION:

READ( 1.1420 )ISEL
142 0 FORMATC 4)

NJS=0

IF ISa )400. 400, 410
410 IF( ISEL-6 '420..20. 400
420 COTO( 500,5 50, 600,650o,?00), 11SEL
C
C ENTER THRESHOLD
C
500 WRITE(.1500)
1500 FORMAT( ENTER THRESHOLD:

READ( 1 14')0 )THRFSH
IF( THRESH 500, 500, 510

50IFU HRES-255 )800.00, 500
c:50 IF( THRESH )t00, 5CO, 800

C SET/RESET PRINT FLAG
C
600 IPRINT=0

COTO 5
C
650) IPRINTWI

COTO 5

C PRINT PAPAMETERS IF FLAG IS SET
C
700 IFI IPRINT)710,710.10
710 WRITE( 1,17110)KJS,X,SY,cW,SH,YIDEO
11710 FORMAT( ',618)
72-0 twl )10,720,10

CALL PJSCN( XOUT)
COTO 10

750 WRITE(1 1750)
1750 FORMAT( Iy.

I '-KB MOE---X CTR --- Y CTF ---- AREA --- ERIM--THRESH' ")



WRITEC 1,1760 )ISEL,SX,S.Y,S.A, SP.THRESH
1,760 FORNAT( 618

COTO 400

C SCAN$ PARTICLE FOR SIZE AND SHAPE
C
Soo XOUT=SX-Sl

YOUT-SY-SH
LOUT=SY+SH
XLIII:SX+39
TOUT =THRE SH
SA=O
SP=0
LASTA=0

810 CALL TVSCN(XOT,yINP)
SA=SAe( AINPIO. 79)
SP=SP+PINP. IABS( LASTA-AINP )*0.79
LASTA=AINP

820 XOUT=XOUT+1
IF( XOUT-XLIMI)810,830,0S30

830 KJS=0
COTO 750

C
C RETURN TO CALLINGC PPOCRAM
C
900 CONTINUE

RETURN
END

A.



C TRACK.FOR SUBPROGRAM
C REVISION 0.34, 7 FEB 83
C
C THIS PROGRAM PROVIDES FOR AUTO TRACKING A VIDEO IMAGE,
C SAVING THE EDGE COORDINATES OF THE VIDEO IMAGE,
C COMPUTING THE PERIMETER AND AREA OF THE IMAGE AND
C DISPLAYING THE PROCESSED PERIMETER ON TOP OF THE IMAGE.
C

SUBROUTINE TRACK
c

LOGICAL ESC,AST
INTEGER JSK, JSX, JSY
INTEGER XOIT YOUT LOUT TOUT VINP AINP, PINP
INTEGER SCAMW,SCAT, STT, A, DWbH DX'(64) D(64)
INTEGER NSCAN.TOLERPOINT,XSCAN(32), YSCAN32
INTEGER AREA PERIM TSIZEVIDEO
INTEGER HLP FXFY FZSXSYSA,SP SW SH TATP TLTWI0 '0).TH(1O0)
COMMON ESCAST,HLPX,FY, PSXSY,SA,iP,:W,SHTA, TF,TL, T

C
C DISPLAY JOYSTICK SELECTIONS
C
10 WRITE(1,11)
11 FORMAT(' ENTER FY/FX: ')

READ( 1,12)FH
12 FORMAT(F8.3)

KJS=I
JSK=O
JSX=O
JSY=O
XOUT=128
YOUT=128
VIDEO=O
TL=O
PTSIZE=TL
PERIM=O
AREA=O

20 WRITE(1,1000 )ESC,AST
1000 FORMAT(IX, 2AI,

I ------ JOYSTICK CONTROL MODES ------------
2 1. MOVE CURSOR TO SCREEN CENTER'/
3 2. MOVE CURSOR TO PARTICLE EDGE':
4 3. AUTO TRACK AROUND PARTICLE EDGE'!
5 4. DISPLAY DIGITIZED EDGE OVER FARTICLE'!
6 3+4. RETURN TO OPERATING SYVSTEM'/
7 --X POSN--Y POSN---VIDEO--PTSIZE ---- AREA---FERih',

COTO 100
30 WRITE( 1, 1010)XOUT, YOUT,VIDEO,FPTSIZE,AREA, PERI,
1010 FORMAT('+',618)
40 CALL JSINP( JSK, JSX, JSY)

IF( JSK 150, 50,60
50 IF(KJS 140 40 80
60 IF( JSK-9 )7,500, 500
70 KJS=JSK
80 GOTO(100,200,200,300,300,300,300,400),KJS
C
C ZERO CURSOR OH SCREEN
C
100 XOUT=128

YOUT=128
LOUT=130
TOUT=O
VINP=0
AINP=O
PINP=O
CALL TVSCN(XOUT,VINP)
VIDEO=VINP
XI=128Y1= 128

0630
C
C MOVE CURSOR TO PARTICLE EDGE WITH JOYSTICK
C
200 XI=XI#JSX/10

YI=YI-JSY/IO
IF' XI-254 1 10,210,30

210 IF(YI-254 )2?0,2Z0, 30



220 IF(XI-20.370,2130
230 IF( YI-2 50,30, 240
240 XOUT=X1

YOUT=Y1
LOUT=YOUT+2
TOUT=O
CALL TUSCN( XOUr,uINP)
VIDEO=VINP
COTO 30

C
C AUTO TRACK IMAGE EDGE
C
300 WRITE 1, 1300)
1300 pRgAf( 'ENTER NUMBER OF SCAN P0I1JTS:

1310 FORNAT(IB)
IF( NSCAN-32 )310. 310, 300

310 WRITE(l,1320)
1320 FORMAT' ENTER SCAN AMPLITUDE: '

READ(U 1310)SCAmP
IF( SCAAP-16 )32'0, 320, 310

320 ORITE(1,1330)
1330 FORMAT(' ENTER SCAN LEAD START: '

READ( 1, 1310 )SCART
IF( SCART-NSCAN/2 )330,. 30, 720

330 WRITE(1 1340)
1340 FORMAT( IENTER VIDEO TOLERANCE:

READ(1I 1310)TOLER
POINT~hSCAN/4
TIJ(0)=XOUT
TH(0-YOUT
TAREA=0
TERIM=0
JMp:0
DA=6.28318/NSCAN
DO 340 I:1,NSCAN

DX( I )SCAMP*COS( I*DA)
DY( I )=SCAMP*SIN.( IsDA)
INS=I+NICAN
DX( INS )=DX( 1)
Dy( INS )=DY( I)

340 CONTINUE
DO 370 J=1.100

START=POI1NT-SCART
IF( START2)44. 346, 346

344 START=NSCAM+P'OINT-SCART
346 DO 350 11I,NSCAN

IST=I+START

YSCAN( I )TH( i-i)+DY( 1ST)
350 CONTINUE

CALL TVTRK( NSCAN XSCAN( 1), YSCAN( 1))
CALL JSINP( SW, jU, jSy)
IF( 'SN )360 360 60

360 TH( J)4SCAP(POINT)
TH( J )=YSCAN( POINT)
POIHT=POINT+START
IF( POINT-NSCAN )362, 362, 361

361 POINT=POIN.T-NSCAN
36? IF( J-2 )370, 365, 363
363 IF( IABS( TW( J )-TU( I1) )+IA5S( TH( J )-TH( I) ))-SCAMP~1 )364, 365, 365
364 TW( J):TW( I)~

365 DH=TH( i-I)-TH( J)
DU=TV( J-1 )-TW( J)
AW=TWd(J-1 )4TW( J)-,256
TAREA=TAREA4MflDH/2
TERIM=TERIM+S@RT DW**2+( FH*DH )t* -
IF( JMP-1I ) 310, 380, 3130

3170 CONTINUE
380 PTSIZE:j

AREA=INT( FHOTAREA)
PERIM--INT(TERIM)
VRITEQ , 137 i WTSIZE,PERII.AREA

1370 FORMAT(' NJUMBER PERIN AREA'l315
I' POINT X AXIS Y AXIS')
DO 390 J:1l PTS17E

170 RITE( I1380)JTU(J),THe J)
±30 FORNAT( 316)



350 CONTINUE
GOTD 20

C
C DISPLAY DIGITIZED PERIMETER OVER IMAGE
C
400 TOUT~l

DO 450 1=1 PTSIZE
C RNW~AWI.0)
C J=INT(PTSIZE$RND)

JPI
XOUT:TW( J)
YOUT=TH(J)
LOUT=YOUT+2
CALL TVSCN( XOUT, VINP)
CALL JS INP( JSK, JSX, JSY)
IF( JSK )450, 450,60

450 CONTINUE
GOTO 400

C
C RETURN TO CALLING PPOGRAM
C
500 CONTINUE

TL=PTSIZE
TP:PERIII
TA:AREA
RETURN
END



TVTRK.ZSO SUBROUTINE
REVISION 0.22. 4 AUGUST 1982

THIS ROUTINE MOVES THE CURSOR TO EACH X AND Y
POSITION AROUND A POINT ON THE PARTICLE EPGE
UNTIL A CIRCLE IS COMPLETED OR THE VIDEO EXCEEDS
THE PREVIOUS VIDEO BY A CERTAIN TOLEFANCE.
THE POINT AT WHICH THIS OCCURS IS THEN RETURNED.

PARAMETER ASSIGNMENT

TVTRK( NSCANCHL). XSCANDEJ. YSCANCBCJ)
YSCAN ARRAY WILL START AT BC AND BE FLIT it) I'.
XSCAN ARRAY WILL START AT DE AND BE PUT IN IX.
NSCAN ADDRESS IS IN HL REG VALUE FUT IN E PEG.
TOLER IS AT HL+ 1 VALUE PUT IN C.
EDGE POINT WILLIE PUT IN HL+4 LOCATION FI RETURN.

SUBROUTINE INITIALIZATION

ENTRY TVTRK
TVTRK: PUSH BC ;STORE 'SCAN ADDRESS iJ It

POP IY
PUSH DE ;STORE XSCA;I ADERESE IN Il
POP IX
LD E (HL) ;STORE N CAN VALUE I E
INC HI
INC HL
LD C,(HL) ;STORE VIDEO TOLEANCE IN C
INC HL
INC HL
PUSH HL ;SAVE POINT ADDRESS 0n S'TA-
LD D,O ;INIT POINT WN D
LD BO ;INIT FOR WHITE TO BLACK EDGE

OUTPUT NEXT SCAN POINT

SCOUT: INC D ;SETUP FO9 NEXT FOINT
LD A,10 ;LOAD A COJTFOL
OUT 7%H A ;OUTPUT O-JTPOL
LD A,(IX) ;LOA' X LUE
OUT 64H.A ;OUTFUT w '1LUE
LD A,4 ;LOAD f CCNTFOL
OUT 74H.A ;OUTFIJT I C]NTR'OL
LD A,(IY) ;LOAD , VJALUE
OUT 64H,A ;OUTF'JT i VALUE
INC IX ;SETUP FOF. ;ET rGS:TICN
INC IX
INC IY
INC IY

STAT: IN A,64$ ;INPUT STATUE
BIT OA ;CHECK STATUS BIT
J Z, STAT ;KEEP CHEC.ING UNTIL STATUS IS Of,
IN A,74H ;INPUT VI[,EO
CP B ;COMPARE VIDEO WITH PREVIOUS THRESHOLD
JP CPOUT ;EbGE IS FOUND IF VIIEO 1S LEES
CP C ;COMPARE WITH TOLEF
JP C,NEXT ;NEXT POINT IF LESS
SUB AC ;SUETPACT TOLER rQF'Oh VIDEO IF ,ORE
LD B,A ;AND STORE AS NEXT THFESHOLD,

NEXT: DEC E ;DEC NSCAN
JP NZ,SCOUT ;REPEAT IF NOT ZERO

RETURN EDGE POINT

FOUT: LD A,D ;LOAD EDGE POINT
POP HL
LD (HL)hA ;AND RETURN

A.



VIDEO INTERFACE SUBROUTINE
REVISION 0.21, 4 AUGUST 1982

THIS ROUTINE MOVES THE CURSOR TO THE CENTER OF THE
TV SCREEN, PARTICLE CENTER OR THE FARTICLE ExTREOES
AND SCANS THE PARTICLE TO FIND THE AREA AND FERIMETEF.

SUBROUTINE PARAMETERS

TVSCN(XINP[HL],VOUT[DEI)
YINP IS AT HL+
LINP IS AT HL+4
TINP IS AT HL+6
AOUT IS AT DE+2
POUT IS AT DE+4

DATA BASE

XINP: DB I ;X VALUE
YINP: DB I ;r VALLE
LINP: DB 1 ;Y LIMIT
TINP: DB I ;THRESHOLD
VOUT: DB I ;VIDEO
AOUT: DB I ;AREA
POUT: DB I ;PERIMETER

ENTRY TVSCN
TUSCN: LD A,(HL) ;BRING IlN FIRST F',FMETER

ADD AdO ;SET FLAGS
JP Z CNTR ;IF ZERO GO CEUJTER TV CU;_SR
PUSH Dt ;SAVE OUTFUT ADDRESS
LD A (HL) ;STORE X VALUE
LD (XINP).A
INC HL
INC HL
LD A (HL) ;STORE Y 'ALUE
LD (OINP),A
INC HL
INC HL
LD A,(HL) ;STORE Y LIdIT
LD (LINP),A
INC HL
INC HL
LD A (HL) ;STORE THRESHOLD
LD (TINp),A
LD HL,O0 ;RESET HL
LD DE,O0 ;RESET DE
LD BC,00 ;RESET EC

OUTPUT POSITION

TART: LD A,10 ;LOAD X COITFOL
OUT 74H A ;OUTFUT X CONT;OL
LD A, (INP) ;LOAD Y VALUE
OUT 64H,A ;OUTPUT " VtILLIE
LD A,4 ;LOAD Y COiTFOL
OUT 74H A ;OUTPUT Y CCONT;OL
LD A,(YINP) ;LOAD Y VALUE
LD E,A ;INTO E

INPUT VIDEO

6TY: LD A E ;LOAD Y VALUE
OUT 64H,A ;AND OUTFUT

STAT: IN A.64H ;INPUT STATUS
BIT 0,A -CHECK STATUS BIT
JP Z,STAT ,JUMP TO INPUT IF NOT SET
LD H,0 ;RESET PRES FIXEL
IN A,74H ;INPUT VIDEO
LD BA ;SAVE VIDEO
LD A,(TINP) ;RECALL THRESH
CP B ;COMPARE THFESH WITH VIDEO
JP NC PERIM ;GO IF MORE THAN VIDEO
LO H,I ;SET PRESENT PIXEL
INC C ;INCREMENT APEA

FERIM: LD A,H ;LOAD A WITH P;ES FIN'
CP L ;COMPARE PRES TO FFEY
JP ZCONT ;CONTINUE IF SAME



INC D ;INCREMENT PERIM
CONT: LD LH ;LOAD PREV WITH PRES

LD A,(LINP) ;LOAD Y LIMIT
INC E ;DECREMENT Y VALUE
CP E ;COMPARE Y VALUE TO LIMIT
JP NZ,NEXTY ;DO AGAIN IF NOT ZERO

RETURN PARAMETERS

POP HL ;RECALL OUTPUT ADDRESS
LD (HL),B ;STORE VIDEO
INC HL
INC HL
LD (HL).C ;STORE AREA
INC HL
INC HL
LD (HL),D ;STORE PERIMETER
RET

CENTER TV CURSOR

CNTR: LD A,10
OUT 74HA
LD A,128
OUT 64H,A
LD A,4
OUT 74H.A
LD A,128
OUT 64H,A
RET

END

A1.
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ABSTRACT

A holographic image analysis system has been developed to measure the

position, velocity, size and shape of microscopic particles slowly

settling in three-dimensional space. Images of particles recorded

sequentially on individual holographic frames are reconstructed using an

in-line, far field configuration. Image analysis is computer-controlled

with two basic functions. First is the precision registration and XYZ

positioning of the holographic frame so that accurate particle

displacements between sequential frames can be measured. These

displacements are compared to the elapsed time between the frames to get

particle settling velocity. Second. it scans a digitized video image of

the reconstructed holographic image to measure size, shape, and area. A

scanning algorithm has been developed to determine particle size (area,

length, width) for classification by settling characteristics. An edge

tracking algorithm has also been developed to facilitate particle

identification by shape from frame to frame. A cataloging system was

developed to provide for data entry, storage and retrieval.



I. INTRODUCTION

Measurement of size, shape and density are critical factors in the

study of particle dynamics and settling characteristics of marine

hydrosols. Micrographic holography has been widely used in aerosol

studies (i) and holographic movie cameras have been developed for studying

zooplankton feeding behavior in ocean waters (2). The size and settling

behavior of aggregates resulting from mixing riverine water with seawater

has been holographically determined in the laboratory (3) and effect of

particle shape on the settling velocities of primary hydrosols

(unaggregated) has also been investigated holographically (4), (5).

Carder et al. (6) have developed an in situ holographic micro-

velocimeter for the study of microscopic particles suspended in sea water.

This device records the image of each particle in three-dimensional space

on a series of successive holograms with respect to time. Horizontal and

vertical dimensions and cross sectional area have been used to determine

particle density using Stokes' Theorem (3). Edge coordinates are useful

for particle identification (e.g., Zernike moments) and analysis of shape

on particle rotation and settling speed (4). During these studies, a

great number of samples must be analyzed in order to provide sufficient

statistics for determining particle population characteristics of shape

and size as well as settling velocity, trajectory, orientation and

oscillations. Such measurements can be facilitated by use of a

computer-controlled image analysis system to improve the accuracy and

reduce the number of man-hours in analyzing holographic particle data.



II. PROBLEM DEFINITION

A measurement technique was needed to determine the position, size,

shape, orientation and velocity of microscopic particles moving in three-

dimensional space. The marine particles of interest in the study (6)

cited above typically ranged from 5 to 250 microns in diameter, which

nect;sitated the use of microscopic techniques for any detailed size or

shape analysis. Since oceanic particle densities may vary from about 1.03

to 5.2 g/ml and typical settling velocities may range from less than .0001

to 1.0 cm/s, a variety of frame or sample periods from less than one

second to as much as one minute may be necessary in order to provide

short-term velocity measurement accuracy. In addition, the duration or

exposure time for the position measurement should be less than 1/500 sec.

in order to maintain sufficient positional accuracy and prevent hologram

"smearing." Therefore, a relatively high speed, microscopic technique was

developed (6) to record the images of multiple particles as they settled

in three-dimensional space. In order to deal with the enormous data

volume generated in applying these techniques (more than 50 particles per

hologram), an automated method for reconstructing and analyzing the

particle data has been developed. Edge coordinates are recorded when

needed for particle identification and for analysis of the particle shape

effects on particle rotation.

III. SYSTEM DESCRIPTJON

A functional block diagram of the holographic image analysis system

is shown in Figure 1. The major components and functions are: 1) a laser

to reconstruct the holographic image, 2) a mechanical stage to position

the hologram in three-dimensional space, 3) a magnification lens and rear



2) XYZ
3) MAGNIFICATION LENS STAGE HOLOGRAM

CAMERA
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FIGURE 1 HOLOGRAPHIC IMAGE ANALYSIS SYSTEM

BLOCK DIAGRAM



projection screen on which to reconstruct the particle image, 4) a

television camera to view the images, 5) a video digitizer tc convert the

image into digital data, 6) a television monitor to display the particle

image, 7) a microcomputer with disk storage for processing and storing

input data from the video digitizer and controlling the position of the

mechanical stage, 8) an interactive terminal to enable operator control of

the system, 9) a joystick for manual control of the frame position end 10)

the XYZ drive controller to move the holographic frame in the laser beam.

Table I presents a list of the equipment which comprises the system.

Table 1. HOLOGRAPHIC IMAGE ANALYSIS SYSTEM EQUIPMENT

Item Description Manufacturer Model

Laser, 15 mW, He-Ne Spectraphysics 124B

2 XYZ axis table Aerotech, XY: ATS-303

Z: ATS-416

3 28mm or 50m lens Nikon

4 Television camera, high resolution Dage 650

5 Video digitizer Colorado Video 270A

6 Television monitor Panasonic WV 5300

7 Micro-computer, Z-80, dual disk Cromemco Z-2D

8 CRT terminal Soroc IQ 120

9 Joystick Cromemco

10 XYZ drive controller Aerotech EC-2

The system performs the following functions: 1) determines the

position of a particle with respect to a three-dimensional frame

reference, 2) determines the width, height, cross sectional area and

perimeter of a particle using a scanning algorithm, 3) determines the

3



cross-sectional area, perimeter and edge coordinates of the particle using

a1 tracking algorithm, 4) provides for particle identification from frame-

to-frame by displaying the particle position and edge points (shape) from

the previous holographic frame on the current frame and 5) computes the

velocity, average diameter and particle density from the recorded data for

each particle.

IV. TECHNICAL DISCUSSION

Successive holograms of settling particles were recorded in situ on

negative holographic transparency film using the particle velocimeter

described in reference (6). The film was processed using standard

photographic techniques and mounted on individual frames. Each holo-

graphic frame was positioned in a laser beam to reconstruct a two-

dimensional profile of each particle in the direct transmission mode. The

image of each particle was successively focused on the rear projection

screen by moving the holographic frame in the Z axis. The projected scene

was viewed with a television camera and converted into a digitized video

signal. The holographic frame was then moved in the X and Y axes to bring

the focused image of each particle into the center of a TV monitor. The

position of the frame and the size, shape and orientation of each particle

was analyzed and recorded by the computer. As images of the same parti-

cles in subsequent frames were catalogued, a matrix of settling velocity

and lateral motion characteristics was generated for each particle. The

statistical distribution of settling velocity with respect to particle

size, shape ,"'d orientation provided an accurate determination of particle

density and ultimately permitted a general particle classification (e.g.,

organic, mineral, heavy mineraL), based largely upon densitv.

4



A. PARTICLE POSITION AND VELOCITY

Particle settling velocity using the system described in Figure 1 was

determined by measuring the position of each particle in three-dimensional

space at two or more different sample times. A typical particle

configuration is shown in Figure 2. Prior to cataloging any particle

images from a frame, an accurate and repeatable reference is established

for a point common to all frames. The reference point in a frame is

centered on the television monitor by moving the frame in the X, Y and Z

axes under computer control with a joystick. The image of each particle

in the frame is then subsequently moved to the center of the monitor with

the joystick and its position recorded. Size and orientation parameters

are determined using the particle scanning and edge tracking alporithms

described below. Once recorded, the particle data from a previous frame

can be retrieved and the XYZ stage driven to that position under computer

control to enhance location and identification of that particle or a

subsequent frame. When the entry of data for all frames has been

completed, the distance each particle has travelled between successive

frames is determined and the individual velocities calculated as shown:

Vt =(X
2 + Vv2 + V72)1/ (1)

where

Vx = dx/dt

Vy = dy/dt

Vz = dz/dt.

I [I I[I [5
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B. PARTICLE AREA AND PERIMETER

Determination of the projected cross-sectional area of a particle can

be derived from the reconstructed image by counting the number of pixels

inside the particle boundary. In a similar manner, the perimeter of the

particle can be derived from the number of pixels along the edge. One of

the major problems with a "noisy" image is detection of the pixels which

represent the edge. Yakimovsky discussed an edge detection technique (7)

based on maximizing the likelihood ratio with a simple single-pass,

region-growing algorithm. This ratio is a comparison of the irtensities

of neighboring pixels within the same object to neighboring pixels from

two different objects. The boundary decision is based on comparing the

ratio with a pre-defined threshold and accumulating those neighborhoods

which are considered to be within a single object into one contiguous

region. McKee and Aggarwal have developed a multi-pass technique (8)

which processes a full video frame of data to obtain edge coordinates of

very complex shapes. However, this method would be far more complex and

time-consuming than necessary for determination of area and perimeter in

most of our applications. Also, it is rare for more than one particle

image to be found in a given focal plane.

Therefore, we have chosen to use a simplified edge detection

technique based upon a comparison of the pixel intensity with a threshold

adjusted for the average intensity between thc particle and background

(SCAN technique) and a simplified edge-tracking method (TRACK technique).

Pixels at each transition across the threshold are accumulated as the edge

of the particle, while pixels above the threshold are accumulated as its

area.

6



C. PARTICLE AREA SCAN TECHNIQUE

The particle scanning algorithm developed for this system is based on

a simplified single-pass edge detection process. The surface area and

edge perimeter of each particle aire determined by comparing the video

intensity of each pixel with a selected threshold value. The technique

consists of processing a series of vertical scans which horizontally cover

the image as depicted in Figure 3. The horizontal (equatorial) and

vertical (polar) axes of the particle are determined by manually adjusting

a vertically scanning cursor to the edges of the particle when the

algorithm is first executed for each measurement. This limits the region

under investigation to the immediate environment of the particle and

eliminates the generally out-of-focus neighboring particles from

consideration.

Beginning on the left side, the particle is scanned from top to

bottom in synchronism with the television raster. The video intensity

(0-255) of each pixel is compared with a throshold value corresponding to

the intensity at the particle edge. If the pixel intensity is greater

than the threshold, the pixel area is assigned a unit value and the column

area is incremented. Otherwise, its value is zero. If the pixel area

value is different from that of the last pixel, the horizontal perimeter

is incremented. When the vertical scan is complete, the difference

between areas of the current and previous columns is added to the vertical

perimeter. The scan is then incremented to the right and the process

repeated until the entire particle has been scanned. The selected scan

consists of N rows vertically and N columns horizontally. The totalr c

area of the particle is the sum of all column areas scaled as shown in Eq..

(2). Since the shape of each pixel is not square, the vertical component



must be scaled to provide an accurate measurement of the area and

perimeter. Or simply,

If V p(ij) > Vt then Ap(i,j) = I

If Vp(ij) <Vt then Ap(i'j) m 0

N N
C r

Area = F * F * Sum ( Sum A (ij)
x i=l j=l P (2)

where i and j are the pixel column and row,

V is the video amplitude of pixel (i,j),

Vt is the preselected video threshold,

N is the number of scarned columns,
c

N is the number of scanned rows,

F is the horizontal scale factor and
x

F is the vertical scale factor.
y

The error introduced by the auantization of area should converge toward

zero and become negligible as the size of the particle increases.

The vertical component of the perimeter (P v), is the difference

between the number of pi:;els above the threshold in one column compared to

the number in the previous column. The horizontal component (Ph), is

the sum of all transitions across the threshold occurring in each column.

The horizontal and vertical components are scaled by F and F ,X V

respectively, and combined to form the particle perimeter as shown in

Eq. (3). If V (i,j) is not equal to V (i,j+l) then the incrementalP P

horizontal component (IIp (i, ) = 1, otherwise H (i.i) = 0.

Perimeter F * + ( F * P ) (3)
x 8 h

. . . . .- . . .



N
Cr

where P, = Sum ( Sum H (i,j)
, 1 j=1 P

N N N
and P Sum ( Sum A (i,j) - Sum A (I-1,j)

v i=1 j=l j=1

The major error in this method is highly dependent on the orientation of

any edge segment with respect to the scanning axis. Although straight

edges orthogonal to the scan will yield good measurements of perimeter,

those same straight edges oriented diagonally to the scan axis can degrade

the perimeter measurement by as much as 30% [I-SQRT (1/2)]. Therefore, a

different method of determining perimeter which will be insensitive to

particle orientation was required. Also, variations in the pixel

intensity around the particle perimeter with respect to the threshold

level increase measurement uncertainty. A dynamic threshold which can

adapt to varying particle and background video intensities will improve

this condition. Such a technique is implemented in an edge-tracking

routine described below that provides data for determination of particle

shape and orientation.

D. PARTICLE SHAPE AND ORIENTATION

Boundary definition using direction and curvature chains have been

described by Eccles et al. (9). These techniques generally describe an

image boundary in terms of a one-dimensional list of angles starting from

an origin on the Image edge and incrementing uniformly around the

boundary. Freeman has described another method for determining shape by

defining critical points around the boundary (10). These points include

9



discontinuities in curvature, points f inflection, curvature maxima,

intersections and points of tangency. Fourier transforms have been used

as digital filters to smooth the digitized boundaries of planar objects.

Pavlidis discusses several algorithms using Fourier transform coefficients

to define detailed shape characteristics (11). Teague has developed

similar shape analysis techniques using Zernike moments (12).

We have chosen a boundary chain technique to determine particle shape

and orientation which is similar to the method described by Eccles (9).

The edge-tracking algorithm, described below, determines the boundary

between the particle and background by examining a small region of pixels

along the particle edge. Edge detection is based on the intensity

gradient between neighboring pixels rather than the simple threshold

technique used in the particle scanning algorithm described above. As

each new point along the the particle edge is determined, the tracking

pattern is then centered on that point and the new neighborhood is

ex:plored. This process continues until the particle has been fully

circumnavigated. A more detailed discussion is given below.

E. PARTICLE EDGE-TRACKING TECHNIQUE

The particle edge-tracking algorithm provides the capability to

classify particle size, shape and orientation for applications dealing

with particle settling dynamics. The edge tracking algorithm scans across

the particle edge in a series of small circular patterns where i is one of

the N scans around the particle edge and j Is one of the N points inp s

a scan as shown in Figure 4. The point j in the scan for which the pixel

intensity V(i,j) exceeds the previous pixel intensity V(i,j-1) by a

threshold value Vt. is defined as the edge for the current scan pattern

10
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i and is used as the center of the next scan pattern (i+l). This process

continues until the scan returns to the neighborhood of the starting

point. The scan radius R., number of points per scan Ns , and threshold

value V t. can be manually selected, depending upon the particle size and

shape.

The perimeter of each particle is measured by accumulating the radial

distance of each threshold transition around the particle edge until the

circumnavigation of the particle is complete. Since the shape of each

pixel is not square, both vertical and horizontal components must be

scaled accordingly, by F and F., respectively, to provide an accurate

measurement of the distance around the particle. The algorithm for this

function is:

NP

Perimeter Sum [ ( F *T )2 + (F *T )2 ]1/2 (4)
i=1 y x

where T = R sin
y s

T = R cosx S

R = scan radiuss

N = number of threshold transition points along edge.P

The area of each particle is determined by accumulating the

trapezoidal area defined by each new transition as shown in Figure 4. The

distance xi between the particle edge and a vertical reference line at

the center of the screen is determined for each transition point and

multiplied by the vertical distance dy, between two successive edges.

The entire area of the particle is determined by successively adding or

11



subtracting each incremental area depending on the vertical direction

until the particle has been completely encircled as described by:

N
p

Area ( /2 Sum ( x + x ) * dy * F / F ) (5)
i=I i i+1 i Y x

Particle identification from frame-to-frame is achieved by displaying the

edge pixels of a selected particle on the next frame and comparing it to

the shapes of the new particles for correlation.

E. ALGORITHM ERROR ANALYSIS

The inherent error in the tracking process consists of radial and

angular components. as shown in Figures 5 and 6, respectively. These

errors are functions of the number of scan points (N ), and the scan5

radius (Rs). as shown in:

Radial error = R* ( I - cos (2 -T / N )) / 25 S

Angular error +/-2 -,/ N (6)
S

These errors on average will produce a small positive error (e.g.,

2.5% for N = 20) in determining the perimeter of a smooth boundary as

shown in Eq. (7). However, the algorithm may also exhibit a negative

"corner truncation" error for figures with sharp corners because of

truncation produced by the discrete scan process. The difference between

the actual and measured area for large, smooth particles should be small

but may become negative for particles with sharp corners, Eq. (8).

12
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Perim error = + N * R ( I - cos 2 7 / N ) (7)p s s

Area error = +/-(N *R *sin 2 /N )/ (8)p ss

Area and perimeter measurements will also vary as a function of the

video intensity threshold value for the scan mode and as a function of the

video intensity gradient threshold value for the tracking mode. The video

amplitude across the edge of an image with varying contrasts is shown in

Figure 7. The effects due tc variation of the threshold values on

measurements of a high-contrast, white-on-black square (2 cm/side) are

summarized in Table 2. In generating these data the video threshold

intensity for the scan mode was set at values from 23% to 74% of the

intensity difference between the square and the background, whereas the

intensity gradient threshold (intensity difference/pixel) for the tracking

algorithm was varied from 8, to 32% of the total intensity difference

between the square and the background. This particular applicaticn used a

negative threshold gradient (i.e., a bright-to-dark transition).

Table 2. Effects of variation of video threshold intensity (scan) and
intensity gradient (track). Variation is represented by ± one
standard deviation as well as the total range of deviation.

AREA (PIXELS) PERINETER (PIXELS)

Scan Track Scan Track

2165.6 ± 4.0% 2058.1 ± 1.3% 185.6 ± 4.7% 180.4 ± 1.7%

11% Range 4% Range 15% Range 5.5% Range

The range of threshold effects is smaller for the tracking mode than

the scanning mode because the maximum video intensity gradient, generally

13
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found about halfway between the intensities of the image and the back-

ground (see Fig. 7), cannot be exceeded without the algorithm "losing

track" of the particle edge. The threshold intensity gradient value for

the tracking program is generally selected to be smaller than the smallest

normal edge gradient (bottom curve in Fig. 7) found along the particle

edge. This insures that oblique approaches to the edge do not reduce the

measured intensity gradient below that of the threshold. This reduced

threshold value causes the tracking program for the high-contrast part of

the particle (upper curve, Figure 7) to in effect underestimate the size

of the particle for a white-on-black image and overestimate the size of a

particle for a black-on-white image, especially for particles of varying

contrast along the edges. For the white square on black background image

addressed in Table 2, this resulted in particle size estimates that were

to 1 pixels lower per edge transition (see upper curve in Figure 7),

depending upon the video threshold intensity gradient selected, or a 1.2

to 3.6% underestimate of the length of each side. This underestimate

would be offset to some extent by the radial error effect on the perimeter

as described by Eq. (7).

IV. PERFORMANCE EVALUATION

The performance of the scan and track algorithms was evaluated using

white-on-black geometrical figures (square, equilateral triangle, and

circle) of known size. The standards for comparison were accurate to

within to I pixel per side or to about ±2.5% for the small figures and

±1.25% for the large. The results of the comparisons are shown in Table

3. Digitization error appears to have produced a greater effect on

accuracy of the small figures with complex shapes compared to the larger
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ones. A digitization error of one pixel per edge can result in errors as

large as ±3.6% for the small and ±2.0% for the large triangle

measurements. However, this effect should approach zero as the shapes

become larger and smoother.

Table 3. Perimeter and area measurement accuracies of the scanning and
tracking algorithms for some standard geometrical shapes

Track Scan

Area Perimeter Area Perimeter
Size

Shape (cm) % Error % Error % Error % Error

Square 3.0 0.38 -0.47 +0.50 +1.4

Square 2.0 0.98 0.17 +2.89 +3.2

Triangle 4.0 -3.00 -2.90 -0.56 6.89

Triangle 2.2 +3.98 +1.83 -0.80 +4.23

Circle 4.0 -0.90 0.62 +3.14 +14.45

Circle 2.2 -0.88 2.97 +0.66 +9.36

% Difference

For the tracking program, most errors did not exceed the accuracy

limits of the standard measurement. Digitization errors, together with

the uncertainties in the standards, can account for the differences

betweer the measured and "standard" sizes; inclusion of the potential of

radial, corner-truncation, and threshold intenF ity/ threshold intensity

gradient errors insures that the maximum tracking error measured (3.98%)

falls within potential error limits.

For the scan program, all of the areas measured were within expected

error limits, although the triangle and circle perimeter errors were

larger. The perimeter errors for the squares were quite low as the edges
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of each square were aligned with the vertical and horizontal axes of the

TV camera. Perimeters in the scan mode can be exaggerated by as much as

1 - v' /2 for lines sloping 450 to the vertical. The largest manifestation

of this "serrated edge" effect was found for the circle, with more than a

+14% error.

V. APPLICATION TO HOLOGRAMS

To demonstrate the application of the system and techniques to the

analysis of in situ transmission holograms, they were utilized to

re-examine holographic images of mica flakes collected during a settling

experiment reported in (5). Because the mica flakes are very thin ard

tend to settle at some angle to the focal plane, only one side will be in

sharp focus at a time. Therefore, a slightly defocused (lower contrast)

image was analyzed (Figure 8). This lower contrast image is typical of

the type collected from irregularly-shaped particles commonly found in

seawater.

A comparison between the tracking and scanning algorithm data (Table

4) shows that the areas generated are within about 6% of each other for

these mica holograms. The perimeter scanning algorithm serves best as an

upward limit or check on the perimeter tracking algorithm. For example,

the circular image of the third holographically recorded particle resulted

in a perimeter that was 11% higher for the scanning than for the tracking

algorithm. Since this was a circular particle, the scanning algorithm

overestimated the perimeter by serrating the edge.
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Figure 8. Photograph shoWino video displayv of reconstructed rnicu flak
hologram. Two righ]t-mo.st bars ire 0-256 video amplitude
scale for all pixels ao central bar.



Table 4. Holographic image analysis measurements of falling mica flakes
using the scanning and tracking algorithms (magnification of
15OX)

-------Scanning ----- ----- Tracking ---------
Threshold General

Sample Area Perim Thresh Area Perim Gradient Shape

1 498 127 134 500 135 26 Rectangular

2 107 40 113 101 42 30 Rectangular

3 485 118 100 501 106 30 Circular

VI. SUMMARY

The holographic microvelocimeter has proven to be an invaluable tool

in studying the settling dynamics of particles both in the marine

environment and in the laboratory. The data reduction of this tool has

been semi-automated using a microcomputer to provide data base management

and to control two phases of the analysis. In the first, a set of

precision translation stages register different holographic frames and

measure particle displacement between frames. The accuracies of this

stage are on the order of ±0.0002 cm. Even greater accuracies in particle

settling velocities can be achieved by adjusting the exposure interval.

The second microcompu ter-control1led phase is the measurement of the

size, shape and perimeter of the digitized video image of the hologram.

Two techniques have heen developed to measure the area and perimeter of an

image. The first is a scanning algorithm which utilizes an absolute

threshold of the video intensity of each pixel inside the video image.

This is an extremely fast algorithm which is able to scan the area and

perimeter in a single pass. It suffers in accuracy when dealing with

lower contrast particles having a variable intensity in different

seciosand with rounded particles since it tends to count a serrated
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edge. A second technique has been developed to track the edge of an Image

and increment the area and perimeter utilizing an edge gradient between

the background and image. Both algorithms have been tested with standard

geometric images and with holographic images and are accurate to within

4-6%.

While this system has been developed to study particle settling

dynamics, the techniques of image analysis could be applied to many

pattern recognition and any digital image analysis problems. The edge

coordinates from the tracking algorithm can be saved and further analysis

of shape done using Fourier and Zernicke moments.

This effort was funded under Office of Naval Research contract

N00014-75-C-0539 to the Marine Science Department, University of South

Florida.
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ABSTIRACT

Settlinz experiments performed on silt to fine sand sized mica flases

with a holo-4raphic micro-velocimeter revealed that mica is the hydraulic

equivalent of quartz spheres having diameters a factor of 4 to 12 times

s maller. Mica in the very fine to fine sand sizes has been traditionally

used by sedimentologists to delineate areas of deposition or non-deposi-

tion and potential winnowin' of fines, and is here found to be the hydraulic

equivalent of silt sized particles but not of clay.

Experiments also showed that mica flakes tend to settle at orientations

which are neither perpendicular nor parallel to the gravitational vector

and to generally maintain their orientation throughout. Equations for the

settling of a disc in Lerman and others (1974) and that developed by Komar

and Reimers (1978) are shown to be mathematically similar for the coarse

silt to fine sand ranges of discs and are adequate predictors of settling

rates of mica flakes. A comparison of the hydraulic equivalency of quartz

spheres to coarse silt through fine sand sized mica flakes is nreqonted.



N''t IUC'I ION

Decaulse it cleaves into flaky particles, sand sized mica is a mineral

g;roup in which shape should obviously affect settling characteristics and,

in fact, has often been considered to be the hydraulic equivalent of silt

and cIay. Neihesel (1965) noted the close association between sand sized

mica ind the clay fraction of Georgia estuaries, an association also recog-

niced by Pamerancblum (1966) off Israel. Doyle and others (1968) used

the abundance of mica in the 125-250 wm size fraction to delineate areas

of tihe southeastern United States continental margin which might be under-

goin, winnowing or deposition of fines, a process which otherwise would be

masked by the dominance of reworked Pleistocene sands. A similar approach

was used by Adegobe and Stanley (1972) on the Niger Shelf. Doyle and others

(1979) and Park and Pilkey (1981) discuss the significance of mica content

to the dcpositional and erosional sysLems of the whole continental margin

of the Eastern United States.

Despite its intuitive widespread use as a hydraulic analog of finer

sized sediments, no quantitative evaluation of the sedimentologic charac-

teristics of mica has yet been undertaken. The purpose of this paper is

to determine as far as possible the hydraulic characteristics of mica

flakes and how these characteristics compare with those predicted from

settling equations in the literature.

APIPROACII

Our approach is to utilize a modifieo holographic micro-velocimeler

developed and described by Carder (1978) and Carder and Meyers (1979).
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i.'e nows the system used. Transmission holograms are simultan-

,etiv l collected along the vertical and horizontal axes of a settling

t tCte. .\ ref erence point in the cuvette is also recorded on each

vert icil und horizontal holoram to allow translation between the two

axes. Sequential frames at accurately timed intervals (from 0.5 to

3.0 U econds depending on the particle size) record the settling velocity

and ori LetaLion as well as particle size and shape. The imaces are

reconstructed by placing the hologram back into the laser path and re-

focusing on particles in any of the infinite number of focal nlanes in the

Set ta g cuvette. This system offers the advantage of using actual

sedimentary particles in the sand to clay size ranges, thus obviating

any. errors which may be inherent in scale modeling systems.

Mica samples were chosen from sediment cores from the Eastern United

States continental slope (Doyle and others, 1979). Silt to fine sand

sized mica flakes were added to a small quantity of filtered distilled

water to obtain a slurry. A drop of slurry was picked up on a fine brush

and the drop barely touched to the top of the miniscus of the distilled

filtered water in the cuvette, thereby introducing mica flakes into the

measuring apparats. Other methods of sample introduction, including use

of -In eye dropper, were tried, but they tended to set up convection within

the cuvette.

Resulting settling velocities were then compared with the theoretical

settling rates generated from the equations of Lerman and others (1974) and

Komar and Reimers (1978). In the calcu ,Lt tis of settling rates a density

for mica of 2.9 g/en was used, :nidwav in the norrmal ran l;e for hiotite and
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::u:,C,,X' . Examination of the mica by standard optical techniques showed

tLiAt te :,uca fraction in the cores was composed of muscovite and a lesser

,::,n:: ,d ,ioLiLt. Finally, we compared the measured settling rates of

t:.L :;I' CA itn those for quartz spheres.

SLAPE AS A FACTOR OF GRAIN SETTLING

>eh aas been recognized as an important factor in the analysis of

ivdraulic methods (principally settling tube) for over 100

yei,;. r ibs and other3 (1971), Lerman and others (1974), Kor, ar and

eiver-; (P73) and Brezina (1979) have summarized the development of

* n:.k .; conc e rn in; the hydraulic importance of shape and have contributed

to t:!e fr:. ulation of equations for settling velocity which take grain

s:';:., into account. In a series of recent articles Baba and Komar (1981 a

mrod 5) ifive be gun to examine shape effects of various types of natural

particles.

Lerr:..i and others (1974) modified the equations for the settling of

a di;c of "no thickness" in the Stoke's range, developed by Lamb (1932),

'a nc and Pell (1960), and Brenner (1964) by adding a term for disc

thickness. The resulting formulae for the two major orientations of

fall are:
2

g(fs P ) qh r  (edgewise) (1)

3.396 w

2

g W s p) qh
r  (broadside) (2)

5.1 m



Where U se t Iin ug speed

r = isc radius

11 thickness

q h/ r

=dynamic viscosity of water

ps= paricle caensi iv

= diensity Of water

= acceleration due to gravity (981 cm/s;c )

Komar and! Reimners (1913) ajproacht'd the effeCt of shape on settling

Ve1Ciit: by scale0 MOelingI- With pebbi es in a glycerine settling~ mediumn,

tne resuits oe-ing equivalent to quartz sand ind silt in water. Thev

found experimen tall-; thait the Corey Shape Factor (CS]?) introduced by Corey

(1949), -Malaika (1919) , Ncb.nand Malaika 195) arndebw a110 othe1(rs

(1951) gave thle best predict ion of shapeo effects for the pblstheyV

used in their experiment. Based upon their experi;ccat:al results, Komar

and Rcimcrs (11)78) deve loped an empi rical tormo Jo for Set tIil'g' %V0lOCity

in the Stoke's range, taking, into accoun1t Sha:lce fj,,, t:

U - 8 fcS :-~ D(3)
181f
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D. intermediate axiL; particle diameter

1), principal axis particle diameter

CSF = hI/ v-DD

Ii small axis particle diameter

-0.378
(CgF) (C0.9 when 0.4 < CSF <0.8

f(CSF) =2.18 - 2.09(CSF) when CSF <0.4

:"ey% further found that thoy could extend the range of the grain

lulevngStoke's settling to Reynolds numbers of up to 0.10 or

,or Particles of up to 100 oim, and they were able to empirically extend

!Icir idLil to cover grain sizes up through pebbles.

I'or pairt ic les like mica where Ii is small relative to Dand D 1,CSF

i., 0.-4 inid the general equation (3) becomes:

U (1/ 18 U - p) g(liD D I) 2/3 (4
[2.18 - 2.09 (hi/,/ p D] sM 4

hepairticle thicktiess Ii may hw expressed as a ratio with respect

tO i).I.., D/100, D)/50, D/25 . ... D)/, and therefore in the ranges in

wiii cii aeri e We rkjn,,, the wqua ,t ions.' of Lerman and o thlers (197 ) and

cqua~tion (3) are similar. Ii~r example, let 1). = -I = D, 2r, and

r
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Phen equaition (4) becomes:

2/3
1 1(D
U 8i (2.18 - 2.09 1) , )

x

1 2/ llql - , ,9
1 (5),

U (2-18 - 2.09 1) s 2/3 81:

Stokes Formula

Our m'asurements of h for mica flakes yielded a range of h 0.007D -

0.05 1). For x = -9/h = c-I(5)
0.01 = 100, and substituting in (5)we

obtain:

1 _2
U =0.021 1 US - ) D-

Lerman's formulae are of the general form

U = g(G - ) r

ClI

where c 3.390 to 5. 1. Substituting as before we obtain

U9U =g(,o - p) 1)2

2c;Ix

,Mzlt iply ii.; v'. 18/18 yi ld:i

18 I ( - ) 12

: ' : ,L -l, r ' i l

IrJ
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I-,r Lc: ' f armi la to he equivalenL to Komar and Reimcrs at x 100

16- 0.021

18
2(10u) (0.o21)

C 4.28

.i:wi %.iIue lies bcL.een Lerman's two values of 3.396 and 5.1 and therefore

'."I i ved I rom the two sets of formulae will be close to each other

,%,t r t! Lt raznges wt.e are exalniin .

As:;u in D. = D = D (where D is an average diameter) is an idealizedI 1

ci,; o .i' all mica flakes do not meet. Any deviation from D. = will

ov i,,u.;iv cIau Se somC duvia tion in the calculaLion of p. ien D. = D the

;wirar:er t = /Dh becomes the shape parameter directly related to the Corey

513h.ye 1 actor.
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TIl IYI)PA.LIC ILIQU IVALEN(Y O' MICA

In our experiments mica flakes seldom settled either exactly broad-

side or edgcwise. They usually assumed al orientation between the two

:.:tree,, neither perpendicular nor parallel to the gravitational vector

wihicn they i:iaintained throug-hout. S~ringham, et al (1969) also showed that

particles settling at low Reynolds numbers maintain their initial orien-

tation ,hien need not be perpendicular to the settling direction.

Fi. urc 2 shows the experimentally determined settling velocities of

mica flakes plotted on the family of curves of Lerman and others (1974)

and Ke::mar and Reimcrs (1978) for thicknesses of D/200, D/50, D/20, and D/10.

Kom.,ar and Reimicrs (1978) equation begins to diverge from those of Lerman

(1974) only at thicknesses of D/20 and greater. The thickness/D ratios

of 32 mica grains fron a split cf the slope sediment used for the settling

velocity experient were determined by scattering some quartz beach sand

on an Si'E- stub and then sprinklig'4 the mica-rich slope sample over it.

Some of the mica flakes landed on edge and we were thus able to measure

thiclness to 1) ratios. Thicknesses ranged from 0.7% of D to 5% of D,

with the average at 2%; and a standard deviation of 1. 15%. Figure 2

also shoe.s that most of the velocities of mica flakes which we measured

fall within the envelope created bv the theoretical curves. Scatter at

the coar;er end is probably mostly due to variation in thickness, svrnmetry

(e.c., D. -$ D.) and ill settlin;; orientation, due to the fact that some

particle; in thi:; si.c range are beginning to exceed the Stoke's low

Rcvnold ; nu.ber conOtraint oL thC StokeS CqUaLion.
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AL ' r:;Ler end of thm scale, particles fall closer to Lerman and

1 74) equat ions than to Komar and Reimers (1978). Figure 3 shows

!e~ii:eLLer of Spherical quartz particles of density of 2.65 which would

.Ot' ',It :-ates of the vario)usI- Sized mica flakes determined from

.. ,:1: .1n1 111 hers (1974) equations for h = D)1200, D/50 and D/20. Our

,,pr:ent s shIow that mica ranging in diam,,eter from 62 Pm to 250 pim,

a ienessof no more thani 5. of the sieve diameter, is the

e'juivalent of 5 pim to 82 ,jm quartz spheres. Very fine, sand

iz~ ~iathen, is the hydraulic equivalent of Silt sized quartz

fi ine sand sized mica is the equivalent of silt to verv

ink- san sized sphe res. Coarse silt size mica flakes are the equiva-

lentL ol I im, and very fine quartz silts.

CONCLUS IONS

1. ie equations for determining; settling Velocity of a disc pre-

sieted bv Lerman and others (1974) and that developed by Komar and

i'eimera' (1978) for particles where the Corey Shape Factor < 0.4 are

im'i .ir I or t hicknesses of 1)/5O or less.

2. L:xperiments on fine sand to coarse silt sized mica flakes using

a hioaraphic micro-vuloci;,e ter showed that grains most Of ten do not

,iricTIt thonlselves perpendicular to the flow field as they set tie hut that

hey'%. eLnd to settletat ILsomelt orien tat ion between broadside and edgewise.

3. Mica in the coarie Silt, very fine sand, and fine sand sizes is

tie hvd0r itil ite nivaln of ilIt And ye -r': f ine s;and Sized quartz spheres
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LO t I t ) Q r Iat iol;h ips; shown in Fi gulres 2and 3.

Co:,trair' to previous assumpt ions,* mica in tlie coarse silt to fine

sand sie is not the hydraulic equiVaIlont of clay.
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FIGURE CAPTIONS

Figure 1. Holographic micro-velocimeter set up used to

measure the settling velocity of the mica flakes.

Figure 2. Lerman and others (1974) equations for the settling

of discs both broadside and edgewise plotted along
with that of Komar and Reimers (1978) for thickness

of D/200, D/50, )120, D/10. Note that the equations
yield values which are very close to each other at

thicknesses of D/50 or less, thicknesses most prev-

alent for mica flakes. X's are values of mica flakes

we measured.

Figre 3. The hydraulic equivalency of mica to quartz spheres.
Mica sizes are coarse silt to fine sand and thick-

nesses are D/200, D/50, D/20.
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In Situ Holographic Measurements of the Sizes
and Settling Rates of Oceanic Particulates

Kl-ID i-t L. CARDER.' RottER r G. S I ENVRi). A\ND Pt TIR R. HI.TZI R

Deptrtmert of Marine Si-cint. t ,iiirsirt vof South flI.ridui, S't . Ptn'rrsrurq. f1- orda 33-01/

A free-floating sdient trap equipped "itb a holographic particle selocieer HP'Vi %&ias deplosed for
14.4 tours at at depth of 30 mn in the ssestern North Atlantic Ocean. The ssstem recorded the in iiu sizes.
shapes. Orientations, and settline rates of microscopic particles mtoving through the laser beam. The
printar% data reduction rceealed pricles from the skstem's loner limit or resoilion. I5 micrometers int
diameter, to) 251) micrometers in diameter winth *ettliniz %clocities ranotnti from oi0190 toi 023012 cms

1f 16 191 in da% I Indil ual particle densities, calcu la ted from a moditied Stokes equation, ranged from 13-
to 5 11) g ml. Ilire presenrce of hi el dcnsit particles %%as iridependen Is corroborated throug~h flu 5:4 uji
partioe .!nalssis ol the trapped material ss ith at compuier-conirolled. Scanning electron micro~cope
equipped ili an iere~ d ispersise X-ris itialser, In ihe future. in situ holouraphic s ' stemns mi ght *-, used
to fitiher our u ndersi arid ine ot primna r' prod uct i its, sediment erosion deposition. and particle iggrea-
tiort disruption di-s' uion

I NI ROM ru I V) \ [('ar i nrab it ,I ai 1 9S0: Thiomtpson et al.. I1967] Each holoer-im

Size. Shape, and denst aire key %ariableS controlling the pros Ides at permianent record of tie three dimensional position
settling! dynamics. and f.lte of, marine particulate ,,after. Tie and ueonetric cross section of' all particles in the laser-

Classical method of determningi st/ arid shape is to collect ilutitic atpexiur 37tl uueH
.Suspended particulate matter %kith a des ice sucl' is a Niskin TelboarsHP smdiedteesas rueatea
bottle Il(indibt. 197101 or sediment trap arnd then Concentrate I irst. the Spatial tiller sxas remnosed since its critical alignnment
the patceonto a metmbrane tilter or it t aetln chamber fo mrt fint hase ssithstond the Stresses assorciated sstth depio%-

microscopic analysis. The tints ersal problem wijth this ap mrerit arid recrrser ' of' the sedimciii trap arraN Second. the
proacli is deternining the degree ito ss ich the si/C distri button ir lnsa htiedfri5(to7riifcllnth
and shapes has e been altered hs lie collectioun arid coii- Hin ~lls, the I mW licee laser %% as upgiraded to 2' mWk' The last
cnt rattirt seq ueriLcS. Fouiir f 19"S anitd Irs-tit et al. [ j971 I"ss inrodilicatrins sserc effected to optimi/e tile des ice for faster

haec soin ii that Samrrple hatidliti cart cause particle disruption settl! riparticles. Ihat is. ssith reduced mantIc11.Itiin at larger

ll.ir, aind LIrronrd ( Il-tJ anid B1/ti, i -]11\ Cs used a highl sarr ip eld %\ias recorded aind \kith Increased lasecr intensirs a
solMtie Ini situ p11111p to Isolate riicroscopic iccaic suphue dticr Speed fIsat enougoh to Stop particle motioni on film %\.Is

inatriA bu c~e %\th his %el-cninc red susptened inheeed. To danipen all mtioin iother thain that due to grasi-

possibii that triable niaterial ssrll riot maintain its integrity iional settItiII. tie saniple souni1e \%its Isolated in , -1-ctil tall
throiLeh thre Separation pro'ce's There is considerable ads n- settli rig chianiber N I cuLre 1,Ii.he 4 5 ,4.5 Lit square chamber
tage in usrig pasisst5 ini still sx stems tio characterile Settlinig contained two sets of thiss damipers, one ;5 cni long and the

particles, as the abose unicertainties are ibs rated iither 1l cni FiCh Of tre CItS consisted Of about 51 tutaoe
cIintde rs. each 11 ciiim in i hamet er.

Pt Ri'i)S Th Pe it, situ I IPV xx as remotela1 controlled w ibh a digital timer

A hirlographIri particle s clocimeter (1111\ i has been dexci- prorgramned to trigger exposureS atl ).7., O.. arid 13.5 , after
oped in irur Irborators' that mecasures si/e. shape. and Settlinge startini tire laser. rhe titme beisseen exposures. the tiuniber of
,.elocttv kof indixdual particles, VCajrdir. I19 Carder 111 exposure,. Sequence, and the number of sequences hour %%ere
Atewr rs. £ )7.)j Thre labliraior% s ersion tif this dcx ice his been prungrititable xiariab~es. With iiie present film pack, the system
miodified for use in at free-iloatirig L seimnit trap for in Situ Call Collect tip toi 251) eposures.
Studies. [lie p~urpose if this report is to describe the hisli- E\14 RItI \ I
gra ph ic des ice anrd present Somre restilIts fro'nt %%hat arc belies id Thre iiI'\ -equip 'Cd sedimni t rra r collccted for 1 44 hon Urs
ito be tire tirst in siti settlii mieasunremients ot idi\ rdtai. micro- Satn rm110Jn 1.1W tast 2 .Q Iasu
scirpic. arid oCanlc particles.striifrm 'l)Jite1.iSataietl .uiWab t

0ni) 11au-tical Imies eas.t Of the Hiliatnas1a lTre Components de-
Ut (Iii Hpie ted Irn I' iuie I Wre VVmuntd In th li aiii c\ fi nder 06i' in

rite techniqu~je IS .iti ipplicationIL 1f far-held or I rauriloller dhaitincteri of tlie trip itself. [be trip s5,is located ',0 mln depth
hoeihII lroips r ... t cr a. I,), ]i I-lie ir-lirre oora is t in at free-Iloitine ,trranx composed of four parts~ connected by\

hurlicriphi I itulogatr pinxetixleie-ireiliel seel cihIe ieiure 21 In ,secnkfini!
record of lie interlerercC between the tar-hield diffraictiorn pat order. these: %%ere (I I [lie cediienit tra p xxiii stainless steel.
tertis sLrticred bSy tue particle arid the, curlliicar backgroUrtd proteetise c.wc. 1') a1 set of three sil-isilace tloats starinL. , ti

abose tie trap. 1 31 , set of three surfaice floats, arid 141 a su~rface
\-k ar .11"iiL1 it ( liTe ,I srii~e mld 1 crrc~iriii \jppii~iii.'ri. miarker but,,. 0quItIer1: ti sti a srobe hlii arid radairrtleo

\A i.tsliiciii 1 1 (14 1 0 datiipei) \\Axc-IIndtiCd \crtrc,il mtioisn. mititiple Strands t'I
(opxnteiht l1M2 h\s the .Ainririun (wermssn Iion'i shokk cord ( I (I cm liatinetcri ssee strtIT11! bet\%een each of the

Paper nuirer 21 it19 it ii i i

S, (N,( 1)ls xxi scuba disers \sere unatble I,, detect any motion or
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perpendicular to the gras a~tional axis. mo4 densities each w
calculated b% usi ng eq ua tions in Le-rman ci ad. [I 1974].

Compared with the published salues for each mineral [I/

FLOW DMP#.$but. 19711, the spherical approximation gave the most consi
eLOWOAME*Sent densits.: 2.49 -~ 0.22 calculated versus 2-72 g ml publish

_=E;_for calcite and 1.66 - 0.101 calculated versus 4.0 0) 0 
published for sphalerite. In both cases, the spherically deny,
densities were within 10'., of the published % alues. Pycnomet
determinations on the same samples gave 2.t)3 M 0.22 g ml
calcite and 4.15 -0.22 for sphalcrite. Occasionally. indixidu
spheroidally deried densities were much closer to the pu

CAMERAIlished salues. but the variation in the measurements Asas qui
LASERhigh (as Much as 300",.) TeI'ieciing the inability io measure th

third dimension w~ith a single laser system. The spherical]
derived densities wkith a potential error of about 10". seem

\n nscledschmaic iagam f t, n stu olorapic adequate for this initial attempt at quantify Ing these properties
paiki e tocimeier i lk 1S Lomponent, that xsere housed in the sedi- in situ.
meit tImp rhe ,~iLIreF settliti tutv %%as open onis at the top and had

o", set of ito%, damipers to miiniimi\ae r mnoiion in ithe sampling R iSi iTS

paih The primary data on each hologram is, a particle size distri-
bution of all the particles in the sample solume. Ficurc 3 is
included as an example of such data. The 30 particles depicted

harmionic s thrations, in the arra J ust prior to its recos er\. inti-fgr represent all particles in excess of 15 =m that \&dre

Neither sas any trap-iiducd %erticaul motion detected ssih the recorded 'and reconstructed from a sinitie hologram At present.

hoilographic records. Thait i,. the s iriation in settling %elocity it is not feasible to integrate such a small time increment to et

Per prticlc -, a less than thact due to the precision of succesise a siaeo asIu.Une eeoeeii ei
franme registration I-2 pmi. This ss ork \\ as conducted tinder au tomatled data reduction system that wkill faciliia:e the cner-

moderate sea conditions issase heights of' 0, ' I mn and wids atioti of a sufficient amount of optical data to permit estimation

less than 10 knotsi. Additional testinig of this arra% is required othmasfu.Through gras metric anal'.sis of the collec:ted
to ear ifii anmitimte sric~i moionofthetra uner material, the mass flu\ at 30 mn sas estimated to he 149

sex ere surface coniditionis.

['po reo~e\ (f te traip. the holographic filmn was desel-

o pcd. aiid i le part iculIate ma tier fromn the hot tom chianmber of
the traip %% as concentrated onto pre-tared. 0J.45 pim pore diam-
eter. menmhrante filters. To deterttine the total mass
flu\ ni , dos. the filters xserc weCithed at our shore-based labora- 0c
tor%. In addition, portions of the pads svere analyzed by a1CO
computwer-controlled. scanning electron microscope equipped
%&ttli an energy dispersise N_-ray analswer at the 'State Univer-
sit% of New% York Ss racuse i D. L. Johnsoni.

[lie holographic data %%ere also analyzed at our shore-based
facilities D~ata reduction %%as performed manually by recon-
sirticting lie holographic intages onto a xs bite screen at 2001

taattification and measuring the particle dimensions and
displ.iCItteit beisseen framte ksiith aI sernier micrometer I '5
pint. [lie denisity of each Particle was calculated based on the
setliiig el oct is antd s oluii estimated front the two -
dimtensiional Imniage.

The accuraC% and precision of the daita reductIti1 techniques
%%erne tested iii mo4 lahorator\ settling experiments' using the
,.l'i holog ra phtic cim p. treti( isas depl i ed in the field. The
experimntns %kere conduLcd %k ith presied (21 4S pm I calcite
atnd sphalert t gainis. [N4o methods (it estimating the particle
5 ilurre %%ere compared I he first used] the axerage of seseril TA

measuired dimensions fron t he protected cros-sectioztal intace
is, the sphcricail equJisileII dliaimeter in the staindaird StokesLAE
set titte eqitAItoil for sphteres II., rmano ei ai, 19".41 1[lie secotnd
used the iprp Iate tlledc dimenisiotns o the partile is the

mo~tor inl rninor iwes '11 1plic-roid I liese ises %%ere etch used CAMERA

., the rottiottil isis to .ipi'rosimie bluC i[nd prolate 1 it . \tt 1311s .IICO 11:1101,11K .ti.i:rirn) Ot the IreC-1)"A ilt! 'edinient
spth-i,s Bs istitil thie t'olar aii %%,i, either pairallel to or 'T.11'otis 1N'ntinii: the IlP\
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5..Tf IASTRAUT JN OF N $1 11 PART CU( ATE S

1 ' 0 30 .'~ 5 0 To s0 90 '00

$lICt.'3v

ti-n 3 Ainein diaiincler ireqjCiiC% liisoerif tit prtiices lirizer than I inicrons ini ai single in situ hotograrn of 1 127 Ml
5 1LIlei 0Iate m~CXieasured in J une 1 1 WMI. iii thle ss Csi rn Atlantic t )cIaif

rhe termination of the size distrihution at 15 jitn diameter cities. and orientations. As far ats Ae can determine. these are

,Aas dictated b% the resolution of the in Situ s,,stern as it lacked a the firsi in situ measurements ot these sariahies. Althoueh there
spatiat fltter aInd had loweor magn ifica tion. S%E ~UDXA a nal.%- are many'i possible improsements. the -success of this experiment
sis of the trapped material revealed that 93 o (f thle sample should spark the application of this technique to a saniely of
mass was contributed by particles whose diameter exceded it) fundamental oceanographic research problems tncludine pri-
um. While there would he ohs ious ads aniages in extendine! the marN productiv its. sediment erosion deposition, and particle
resoltution of the s ' stem to smaller sizes. the present coniicur- aggregation disruption dissolution. A distinct adxantage of the
ation accounted for the hulk of particles which contributed sstem described herein is the ease with which it can be aitered
sieniticatitls% to the mass tlux at this oceanic site. to study selected particle size and density ranges. MIagnification

Some of the faster settling' particles \kere selected to show% the can be controlled b\ the imaging lens, and the exposure i re-
range atsi/es. settliniz selocities. and densities found dluring! this quency can be programed to capture either sloss I or rapidl

in situ ex\periment I (able I). The \velocities rainged fromn 0,0 190) 0ettling pirticles
to 0 2100 cm s or daily excursions from I 6 to 1 99 Mn. l)ensis ( )ne of thle more interesting aspects ot this stud\ \%,as the
calculaitions for thIese samie ma terialIs rangced from I .,- to) 5. 10 den sit\ aipp ro xi a lions Ior so me of the particles noted at this
g inl. Figures 4a- 4,- are photouraph of1 the reconstructed halo- location rhirce oft file II isited it, Table I had densities in ecess;
graphic iaiges of three particles from Table I has ing densities of) 1 4 m il. considcrabl.% higher than one svould predict front a
of .4.11). '.')I. and 1.3,7 g nil, re:;pectjis l Figure .4, s%%as trom a knioss ledge of is pical oceanic suspenlded particulate matter that
deplos men if the HII V-ed i nett trap to l(1(1 in near tihe samte i ncluid es carbonates. cia ,a morphouiis silica. q uarl /. and organ -

site 2 davs later. This thin-walled sphere. lenlati l labeled an ics. As this is aI newk technique. independent s eritic-tion of these
insertebrate egg case, wasl- included as an example of one of the results t as sought b% iisit a scanning! electron microscope
Most unusual particles recorded during the experiment, equipped \%rih anr cnergN dispersise X-ray analsier and imlte

anats sis ssstein. This mieasured particle sties aind collected
Disi L55uION X-ra\ data for 21 elememits onl a particte-bt.-partile basis from

The results show that it is possible ito capture in situ (the the trapped material (in a portion of the filter pad.
holographic Images of microscopic marine particles andi use Of the 872 particles examned. 3914.,) %%ere titatium-rich. 98
them to measure their indisidual sizes. shape,,. settling selo- I I I1 ss \ere iron-rich. and aimother 87 1 10 ,Iexhibited an X-rayN

TABL , I1. lndisidiiat Suspended Pairtiuiiate Si/e aInd Settlun 'I \ etociv tramt a I loloi apliic
Par et VeocnetCr-Se i nc i rap De)plos ed ui nn i(he Nto Iii ne 1 9. 198

S phecal, -
As eraee Settling LquuMis .tiit

Rat Ma xi ni iin. MIi ninnin. l)ianicier. Ve toeit\ Densi i
Numbher pill )nl Pill em M g nit

16 lb 3 0 11"96 4.1)o
2 2x ~~12 2)0V1 t

.1 21 is 21) 0.till0)1 In
4 40) 29 14 00140)4 1

29 1~ ~919i 5i32
h l 24 (1 ofii 2.40

7 22 120 0 1-, -.1
X2 24 4 i11

9 21 II ~21 tuIN

it I If'll it 'iZi
2
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Fiw 4 FPhotogiLraphis of I he reconst ructed holographic intii.ces (if three pariclies l isted in Table I anrd 'nle lare spherical
particle c I leted du tin lakter e,,retfent at the .tite site All particle, are. onenied i" th the gras itatonal sectorT pointing
toward the hittort if tit pa.~e

spectrumt totaih (greater than 95' made up of iron. Thus. hoiograplticaii\ SAcre c015stett %lih those measured b ' the
f b% ttrtt ber o* the particles %mer domtinated bi, elements SEMN F I)\A NSItem. Set rdl UUIUtitiit antd tton-tich psatte

ntral attii ssoiaIJted w~ith hig Iteb nst\ minerals, Ic .g.. tuttle. were found i criscipica Ii to ha,,e dimeust ons ess n till '\Co-
tinitnrie. and henaite. 1Furthcrinire. thle elemental distit- incidentt within 2 pin each of tlte matior and ntinor isest wiith
butions (it these part icle,, were distinct 'tom the metallic st ruc- thle i ,hl dett its particles reported in a he 1,Thusi. not on k JO

t, I coim phinentis of the sediment trapt t he stat rtless-teel cage thle corn p. siltona~l cha riclerisi c that. it t ra nslatted to
and gMls anted chair) i it ho whse can not cornpilel\ rutle osides Io ittd itt sedimnt s ( I i o . I eiot . I e( )I ideIt the Itolo-
out Ontaritntationt. tite ahire eltidence sUggeStsI.S 11.1 e Cap- gra phIcall, determntiied de itsites, hilt the .actuial dimensions of
fitted hiell t ettst% materials settlitg thtriough the upper las' ers tit tte fit Iettst\ pairttcies recorded h% lie laser .ire the Sante as
ithe o ce.i ii i. it sourctes otiher thitan ittIe trap oir shitp As thItree setcralI recorded h\. te scannitin g c lect ron nICTicr P e Ope l the
eruptitts of \it Si FHelens siiicanii occurred %tithit i a ot rtrit t ii bsis Mi this ciitlrii,motiii antd the results of out ,\%t thbira-

thle crwrre tire List \titltin dls oi.ftile sailnphrtrit. %ic Canttot tor% 'Alilbt aons. tOw denism appiotitttatiotts made %%itlt the in

rtile oti lie pissibirt that it prilsided siotte Colian Inputs 10 m itu FP F\ ate rersirtabs .iccurae
these s"iitples I lie c.irbratioit cspeiintents ieietottstrated ithe tttportance Ito

It .iddiiiiinttile P.Irticle-lk -irirde d.at.1 serc esaitrl i i W lie sphamrdal cuinie c~qrailiiut ili M~e proper wetint Ointa.
su *fc t irte r thle dimirentsio ns 11 the Ilt dent I\ PAMOi ispri ltoted tiii arnrd ,I tile propei-rtotall rmOi a two-d imensional imace it,



calculations of a three-diensional s OlUnw The filPV simul- tory. We epeciaBi thank Donald Atssood tor his kind in ation to
lane ulsl records the alctual settling direction and orientation, participate on this cruise, This %kork ALs5 supported tinder Otfice of

plus (lhe cross-sectional shape of each particle in ttie sample NvlRsac otatNtNl-~(459
field. Itosseser. this sinete laiser ssstem does not attiss dettnition

of a t~i a it'o rotation needed to calcutlate partice %o in mes Riif FI N( I S

inss. ~epite this linitiation, the spherical equis alCInt den- Bishop. J. K 13t The chemistrN. hiologs. and sertical flux of oceanic
sitics determuined for tw standard mrateriails 55 ere %%]thin 10 particulate matter. Sc.D. thesis. Mlass. Intit. of Technol.. Woods
of accepted s alues. Thus. it should pros ide similar accutracieS Hole Oceanoer. Instit.. 1977.

for mtost compact particles ec.g.. dorne Osiotin r h.% e~ss Bishop. J. K. B_. and J M1. Edmond. A nes larte sotume filtraiton
thaita fator o 2).s~sten lor the sampling of oceanic partiulateL mailer. J. Afar Res..
thanI fcto of2).34. ISI I k^. 19T

On the basis of' shape. size, settliit! s elocit%. particle 11 ttishiip. I K, B.. J. M. Edmond. 1). R. Ketten. M1. P. Bacon. and W. B.
i Table I and Haiure 4,1I has been tenitatis ci labeled as ai fecal Silker. the cheinisirs. hioloity. and serticle itus offparticulaic matter
pellet. The estimated densits . 1.37 e! nil, is consistent ss ith sset. from (tie Lipper 4t)(I nn ot the equatorial Atlantic Ocean. Deep Sca

compct rganc mtter DepiteitslossdenitYthesi/Col his Rcs.. '4. 51 t 45. t977,compct rcaic mtte. D~pit it lo% desit%. he sze I tis (arder. K. L.. Ifoloeraphic microselocimeter for use in stud.%ing ocean
pairt icle s% ats large, enouh to1 its Le %CIt thle Ighs lettIlit s eloeit % particle d'nainics. Opt Ea-s. 1S5. 524- 525. ILI
IneasuLred 0_12 30 ci S1. Such a Speed Is close to the losser cud ot- Carder. K. L . and 1). J \1e~ers. Ne" optical techniques [or paritic
the range reported for tcal nititrial froint the equatorial Allant- studies iii the bottom houndar% laserSot. P'hoto, Opt. i,srui. Lw,.
tic 13thop iat o. 1,'1,J Ott the basis of this estimated rate oft Mean,, iOrt. f). 20S. 151 158. 1979

dCN~rt th pali~e h~e 0%C IhLI11h he uphtic Carissright. S I... P. Dunn. and B J. Thompson. PartiIcl timen Usirte

7one ti less thtan at das. -This underscores the potential that in ta-il hoorp. 9sod~lprens.OtEo-/.'--3

situ ss 'stemns has e in addressing biolovical remox al processes Fournier. R. 0). \tembirate filteringt. in Phi toriankton %hiau. edited
that max exert primarN control over mass mius in both shallosk h% A. Sournia. pp 105.-I 12. LNF.S(O. Paris. NJS

and deep ocean waters [ Lcr-nitin eri 4.. 1 97': StnmI (-/,. I- I I oss Icr. S W . and L, F. Sntall. Sinkitie rates of eupliausid fecal petlets.
fbinni, l),carwair 1 -. 293- 296, 197:.

Wwi ish, i a., 1 9'6: Bishop et al.. 1977 I, ism%/r and Small. I Go isrdoni. 1). C.. Jr..A i croscopic stud\ of orgaric particlIes in the
film ,oi/ Romnto. 1978. Kniaucre a of.. 1 971). Sira,&r, N-lj North Atlantic I cean. DeiSpca R,,%.. / -. 1- 1S I 6. 114-11

Our experience wtith tite holographic ssstctn Indicate, that it littlo. S ...ind R R. Rotman. Marine copepod tecal pellets, prodacilon.

is especialh s\%elI suited for anal~ sis of inorganic materiail. pre~ers.itioim anstd sedimentation. J (;cph\ se H.~s 45. 1"
Huribiti. (C, S. Jr D)ana .s Manoaio .9linenv,ii. Isit ed. John 5 i\

Primarils this results from their beine more ref ractise thant Ness N ork. 19-!
simiularly si/ed orvanic material. As at result. iniorganic material Kiiaiiet . G. . J H Mtartin,. and K. W Brulind. Flukes of particalate
such as quart/ grains and clay particles has e high contrast carbon. riiroven. and phosNpholrus in the upper ss iter column of lie
dilliractioti patterns that pros ide a sharper holotigrahic inavic. ns'riheaisi P~jicmic. D~ep Se-a R,\. 26.)7 -Ills. 11471)

The Utilht of this and sinmilar des-ices ss Ill be catl extended Lermn. A . K. L. ( arder .attd P1 R. Bei/er. I liinmatiott oh line susper-
soids iii the oceanic ssater columtn. Earth Planet, Sit. fLett t l 6

ss ih tlie addition of at rugged spatial tllter collittiator that %% ill I,-
iinpros e the contrast of the recorded diffraction patterns. In Lermtan. V.. DJ Lal. and \1 I lDace\. Stokes settling and se a
la ho rato rs tests, such an opticat a rra ngement tskit h highter mna - react ii\ Of s Li setided particles ti tiat ural ss ater. in 'pei..-d
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Sediment resuspension by coastal waters: a potential mechanism for
nutrient re-cycling on the ocean's margins

K f NT A. FANXN'ING. Kt n- L. C ARDLR and PETrR R. BETZER

iRece'itrr 21 'nprr 100S. vi reiwo dirrn 18 Stpirrt'r'tr 1981 a ccepted 15 Noi-emer 19811

Abstract \Litrient profiles trorn the continentalI shelf oft the northeastern Gulf (if M exico indicated
considerabie near oottom enrichment ti silica and nitrate above coarse sediments east ot the

%u--ppi delta In contrrisi. near bottom ,a ts of the carbonate rich West Florida Shelf showed
no -,ucii erichments. Storm related suspension apparcnts< produced the enrichments because. in
neair hottom %katers south of Sflbilc Has. silica, nitrate plus nitrite. and suspended load increasedi
,uhttitiaulk as a "inter storm front passed. Also. laboratorv. simulation of resuspension b%- stirrin '
the Su~pernitaint cas~aler riser a :[a% rich core produced similar increases in silica and nitrate plus
nitrite. ith amn a being the appiarent precursor to the nitrate and nitrite. Most ot the nutrient
increase appeared toi come from pre% iouis' deposited sediments in the early stages of resuspension.
Usini! the ratios tit nuirienis reieased to sediments resuspended, calculations indicaite ihat
resuispension of as little as I mm of shelf sediment could intermittents- augment rserlsing
prirctis itsn hs aS much as HiO( iii 200"- rTius. resuspension mas- accelerate nutrient rcclinz on
continentai marerns.

As PA-R T of a surv ey of the continLntal shelf' of' thc eastern Gulf of Mexico during mid May
1974. stations were occupied in two adjacent regions. the northeastern gulf shelf from the
Mississippi delta to Cape San Blas (29'42'N. 850 24'W) and the West Florida Shelf from
Cape San Bias south to Tampa Bit%. At each station (Table 1). water depth was 70 mn or less.
and nutrients and salinities were determined for surface. mid-depth. and near-bottom waters.
Thle resultant profiles indicated the two regions to be different in an important respect (Figs
Ia. b). Near-bottom waters of the northeastern gulf shelf were considerably richer in silica and
nitrate than those of thle WVest Florida Shelf even though the near-bottom salinity profiles for
the two regions were virtually identtcal. The empty dashed zones in Fig. Ilb show where
equivailent enrichments would plot if they also occurred in the West -Florida -Shelf protiles. But
enrtchment,, were ottl% found on the northeastern gulf shelf. and those for stations near the
Mississippi delta tended to be the highest for either or both silica and nitrate (Table 1. Fig. Ia).
There were also slialht increases in near-bottom phosphate on the northeastern gulf shelf
compared to thle West Florida Shelf.

The etnrichments on the northeasternl gulf shelf might have resulted from four processes: (a)
transport of nutrtent rtch river water from the southern United States. (b) upwelling of deeper
offshore waters. (c) more intetnse iear bottom regeneration of inorganic nutrients on the

tDepvrinien ,i Ma.rine t-n ,ice, I riisersits oI South I liirirta. 140 Ses enth Asenue South. St. fletersbure.. FL t

453
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Table 1. Station locations for sursev of the eastern continental shelf of the
Gulfqvt%exico. 15 -18 AfaY. 19 74

Station Latitude i N) Longitude (W) Shelf section

10 29136 87*25 NE gulf shelf
11 29041 87039.5 N Egulf shelf

12 29046 87054 N E gulf shelf
1 29057 88014 NE gulf shelf

14* 2905b.5 88023.5 N E gulf shelf
1;. 29056 88033 N E gulf shelf
A51 29* 17 88*26 N Egulf shelf
Ab* 29020 88045 NE gulf shelf
C3 29057 87010 N Egulf shelf
C4* 29033 88013 N Egulf shelf
M7 29043 86001 NE gulf shelf
N18 29044 86014 NE eulfshelf

M9 29052 86'015.5 NE gulf shelf
C2 29028 85049.5 NE gulf shelf
NI 1 27045 83028 West Florida Shelf
M 2 27052 83034 West Flori~da Shelf
M 3 2705o 8-3043 West Florida Shelf
M4 28021 84024 West Florida Shelf"
MS5 28029 84021 West Hlonda Shelf
N16 28*43 84*20 West Hlonda Shelf
Cl1 29013 840*02.5 West Florida Shelf

OClose to Mississippi delta.

SALINITY SILICA OLM) NITRATE (FLM)
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Fig. I. Caption on p. '455.
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northeastern gulf shelf, or (d) an injection from bottom sediments. Transport of river water
was probably not responsible because, at around 36 x 10- 3, the near-bottom salinities were
too high. Upwelling was also unlikely. Nutrient-salinity plots for an offshore station at 280N.
87 0 W (G. BERBERIAN and D. ATWOOD. personal communication) indicated that the near-
bottom waters at Stas 11. 13. and 15 had much higher silica concentrations (13 to 16 jiM)
than could be produced by the upwelling and mixing of deeper water. Also. if upwelling had
provided most of the nutrients, then enrichments in silica and nitrate should have occurred at
all stations having upwelled water. But near-bottom waters at Stas 11 to 13 were enriched in
silica but not in nitrate, while near-bottom waters at Stas 14 and 15 were enriched in silica
and nitrate (Fig. la). Thus, the pattern of near-bottom enrichment was not consistent with
upwelling as the major source of increased nutrient concentrations. There is no reason to
expect that near-bottom nutrient remineralization on the northeastern gulf shelf was more
intense than on the West Florida Shelf, so that means of enrichment was also improbable.

Thus. much of the near-bottom enrichment on the northeastern gulf shelf appears to have
been caused by sediment-water interaction, with turbulent resuspensior of shelf sediments
being a reasonable possibility. Because such a process could be important to nutrient
recycling on continental margins, we conducted two related studies: (I) observation of
nutrient increase and sediment resuspension during the passage of a storm front on the
northeastern gulf shelf and (2) measurement of releases of silica, phosphate. and nitrogenous
nutrients during a laboratory simulation of sediment resuspension.

METI0DS

Salinity was determined with a Beckman salinometer or a Guildline Autosal
conductometric salinometer standardized against standard seawater. Dissolved ammonia was
determined automatically with a Technicon AutoAnalyzer Hit using the method of
GRASSItOFF and JOHANNSEN (1972). Silica. phosphate, nitrate, and nitrite were determined by
the automatic techniques discussed by FANNING and MAYNARD (1978). The beam attenuation
coefficient due to particles suspended in seawater. cp(m-'), was measured with a
Hydroproducts' 906-912 transmissometer. A particle-free value of c, is zero. Suspended
particle loads were determined gravimetrically on Nuclepore membranes (BETZER. CARDER

and EG GIIANN, 1974). Oxygen concentrations were measured by Winkler titration.

NUTRIENT INJECTION BY STORMS

Storm generated resuspension and nutrient release were observed SSE of Mobile Bay at
Sta. 2639 (29053'N. 8812'W). water depth 30 m. For a 5-day period (20 to 25 February.
1978). the station was occupied at anchor, with transmissometry profiles taken every 2 h and
near-bottom water samples taken daily for determination of nutrients and suspended loads.
Water samples for nutrients were immediately filtered and frozen for later analysis, and the
filter pads were weighed to get suspended loads. Salinity samples were taken every 2 h.

A winter storm front passed by between 21 and 22 February (Fig. 2). About 0100 on 21

Fig. I. Profiles of nutrients and salmity from the northeastern Gulf of Mexico and West Florida
shelses in May 1974. Staion numbers from Table I are shown next to the bottom most samples of
the stations. The dashed proliles indicate stations %%here insuflicient sampling at intermediate depths

introduced some uncertainty in saiiniit distributions. Ihe dashed regions are explained in the text.
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Fig. 2. Variation in pht'3cal parameters durin passage ol ,i 1978 %,inter stornT Iront at Sta. 26. S .
SSE of Mobile Ba% (29' 5.;'N. S8'12'li. Top: %iand speed. %ind direction. ea state. Bottom:
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February the sea state was 3. and the wind speed began to shift from 8 kn out of the
southwest toward much higher speeds coming more out of the north. The maximum speed
occurred about 24 h later. 23 kn out of the northwest at 0100 on 22 February. By that time
the sea state had reached 4. About 30 h after it started the storm passed. the wind returned to
about 8 kn. and the sea state dropped to 3. In the last half of the storm's passage, the turbidity
of the water column began to increase. Near-bottom values of the beam attenuation coefficient
of the transmissometer (c,) rose from I. I to 2.7 m ' around 0300 on 22 February and finally
to more than 3.3 m -1 . About the time of the highest wind speed. the surface value of c. also
reached a maximum.

The storm's passage was also reflected in the relationship between nutrient concentrations
and suspended load in near-bottom waters tFig. 3). Both suspended load and concentrations
of silica and nitrate plus nitrite decreased between 20 and 21 February (see Discussion . But
the onset of the storm was followed by corresponding increases in suspended load and in
concentrations of both silica and nitrate plus nitrite. Suspended load increased 7-fold. and
each nutrient concentration more than doubled. The bottom half of the water column had
salinities of 34.5 to 35.5 10 ' on 20 and 21 February. and the water that moved in at the
storm's heiht on 22 February was slightly more saline (35.5 to 36.1 < 10 :) as well as being
richer in suspended matter and nutrients. The salinity nange is within the range to be
expected along the northwest Florida continental shelf(see salinity profiles for the upper 30 in
in Fig. la).

i A
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Fig. 3. Variation of silica and ritrate plus nitrite "with suspended load in near-bottom %katers at a
station SSE of Mobile Ba% Si. 2639. 29o53'N. 8801 2'W). A storm front passed the spot bet'%ecn

21 and 22 Februars. 1978. Arrows mark the time course of the changes.

The near-bottom suspended load during the storm was higher than those from other
seasons. The same station was occupied during summer (five determinations in July 1976)
and faill (five determinations in November 1978) by BETZER. PEACOCK and JOLLEY (1978).
Their samples were taken 5 m above bottom with a 30-1 Niskin bottle, and their averages for
summer and fall were 170 (±_103) and 380 (±228) pg I'. respectively, both of which are
much smaller than the 1850 Pg I ' during the storm of 22 February (Fig. 3). BETZER ei al.
(1978) also made five determinations of near-bottom suspended load at the station in
February 1978 independently of the data in Fig. 3, and their average was I070(-i0 )Pg I'.
which is also higher than the fall and summer averages. The standard deviation for the winter
sampling is 4 to 8 times those for o.ther seasons. Such a large scatter is consistent with the
suggestion that winter storms produce increases in suspended load by resuspension and
transport.

The coincidence of a storm passage with marked increases in suspended matter and
dissolved nutrients is unmistakable and strongly suggests the changes were related.
Resuspension could produce dissolved silica in two ways. the mixing of pore waters into
bottom water and the solution of silicate particles during and after resuspension. Marine pore
waters contain much higher concentrations of silica than bottom waters, and release of silica
from stirred sediment has been demonstrated (FANNING and SCIIINK. 1969; FANNING and
PILSON. 1971). Nitrate-nitrite enrichments could have occurred through the intermediate of
ammonia. In ,hallow-water reducing sediment, interstitial ammonia concentrations can he
several mtllimolar while the overlying water column has much less ammonia (lM'ITISOFF.
BRICKFR. HOLDREN and KAERK. 1975). Ammonia may also be sorbed to deposited sediment
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(ROsENFELD. 1979). Resuspension of a few millimeters of reducing sediment could cause a
temporary increase in ammonia in a shallow water column, and subsequent oxidation could

then produce nitrate and nitrite.
The suspended matter associated with the suspended-load maximum on 22 February

(Fig. 3) contained a considerable fraction of clay-about 50%. This conclusion was reached
from its aluminum content (6.3%) and its Si:AI ratio (3.4: 1). Such a low Si:AI ratio means

that much of the suspended silica was associated with aluminum in aluminosilicates. The
estimate of 50"o clay was made using a mass conversion ratio of 8 units clay to I unit

aluminum. based on mineralogic determinations on the suspended matter. Thus. the
suspended matter near the bottom during and after the storm not only had greatly enhanced
concentration but also had a composition consistent with an origin in a clay-rich substrate.

Recent work indicates that the bottom tinder Sta. 2639 has many sand-sized particles
(Do,'[ io and SPARKS, 1980). However. just to the west the sand content decreases markedly
as fine-grained pro-delta facies of the Mississippi River are encountered. Thus. the
resuspension and nutrient increases observed at the station may have originated in the vest
and been carried to Sta. 2639 as the storm moved eastward.

STIR R ING IXP RIMI N r

To investigate nutrient release by resuspension under more controlled conditions. we

conducted a laboratory resuspension of deposited sediment. Because the sediment in the
water column at Sta. 2639 contained considerable amounts of aluminosilicates. the deposit to
be artificially resuspended had to be clay-rich and could not come from beneath Sta. 2639
(see above). We lacked cores from the Mississippi delta, but, on cruise 78-R-2 of the R.V.
Researct'er. we were able to obtain clay-rich sediment from the continental margin north of
Venezuela. Those deposits derive from the Orinoco river and are typical clay-bearing deltaic
muds. By gently lo\wering a weight stand with two core liners attached 13 cm apart. two cores
were taken simultaneously in 103 m of water at I I 100'N. 62001'. The cores. G.C. 17 and

G.C. 18. were 6.7 cm in diameter and were sealed in nitrogen-filled plastic bags and
refrigerated to retard bacterial activity until opened and processed.

Core G.C. 17 was used to characterize the sediment. At room temperature (22 1C). it was
sliced in a nitrogen atmosphere and the slices squeezed to remove pore waters, which had high
concentrations of interstitial silica 1200 to 300 )IM) and phosphate (4 to 9 pM). Most of the

sediment was reducing; the top centimeter had 15 pkM nitrate. but the rest had much less than
5 pM nitrate. The sediment was brownish on top and greenish below 5 cm. Results for G.C.
17 were assumed to apply for G.C. 18 as well because the two were collected so close
together.

Core G.C. 18 \as used for the resuspension experiment at 22°C. approximately the in situ
temperature ( 19C). The old supernatant seawater was carefully removed, and I I of low
nutrient ,surface seawater (salinity: 36.57 \ 10' ) was put over the sediment. The seawater
was very slowly added through capillary tubing so that it trickled gently down the liner wall

abo\c the sediment until the water column over the sediment was 28cm high. The
emplacement took 3 to 4 h. The seawater was allowed to stand for 30 mm and then sampled.
A 6 cm %%ide Tellon paddle was placed about 10 cm above the sediment-water interface and.
oser the next 20 h. was rotated to resuspend the sediment. The rotation was slow at first, with
the outer edge of the paddle having a tangential velocity of 9 cm s '. At intervals, rotation

speed was nereased. and samples of the suspension were taken for the determination of

suspended load and dissolved components fTable 2).
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r'abl 2. Strripae speeds. suspended loads, and nutrient concentrations tlurinit the resuspertswon expertment onl
Core G.C. IS .1ron the f ene:uelan continental shell* II *N. 62*0 MI. Supernatant seawater wsas inirialli

nut rient -poor with 3 6.5 7 10 'I sali,,it

Taneential se locit v
Elapsed ot paddle's Volume of Suspended Dissolved nutrient concentration (plM i

time outer edize supernatant load
imin) cm s I seawater (mli (mg 1 ') NO-, NO: NH, PO; Si(OHt,

0 0 1,000 2! 0.2) 0.13 4.05 0.44 5.0
10 99710 23 Or1 0.15 3.72 0.46 6.1

Q955 3 0.14 0.14 3.84 0.46 58
24 940 167 0_(0 0314 4.11 0.55 7.

3)24 925 550 0.25 0.15 - 0.51 8.3
I; sen sise ern isn hee ,ins

3538 910 2.309 0.25 0.19 3.67 0).87 131.9
40 38 895 3.5)1 0.3,x 0.21 3.9 .oq 17.4
ho* 53 880 6.726 0.48 0.29 t'.9I1 1"9 30.4I
SO1 53 865 5.859 1 0.67 0.3s 7.00 2.01 36.4

1 -Q 68 850 19.195 0.89 0.26, - 2.37 (69.0
1 4016 83'15 1 S.7 111 .94 0.29 6.80 2.29 68.4
9Q3 820 22)943 1.17 o.2(, 2.4(0 87.-

20)4 68 805 19.8,)0 1.1It 0.33 4.84 2.61 85.6
17 870 47J137 8.32 0.20 2.5 2.44 106.4

Seas' tier bet'ore cnrpiaicemeni 0 0.09) 0 0.231 0.2

Tines st hen tre rotation speed \% as increased.

Erosion of' thle sediment wvas slight for the first 30 min. Then the stirring speed was
increased to 38 cm s '(Table 2. Fig. 4). and the suspended load increased rapidly with
stirrinue rate until, between 190 and 200 mmi. it reached 20 g 1 -.~ Stirring was continued for
another 16 I. and ultimately, about 401., of' sediment were eroded. The area of' the
sedimnent- swater interface was 35.3 cm . so between I and 2 Cm of .sediment had been
resus;pended, .aSSUming at surface sediment porosity of 60 to 80", and a dry particle densitN of'
2.7 e1 cm1

Nutrient release seemed to be in three stagaes (Table 2. Fig,. 4). but the first stage was the
motunexpected and perhaps the motsignificant. It occurred duriniz the emplcmn

operation before any stirring was begun. The seawater trickling down the core-liner wall had
almost no nutrients (Table 2) y; et. after emplacement and 30 min of \%aitine. all nutrient
concentrations had inlcrc.!scd. The ammonia increase was from undetectable to 4.5 gMv and
silica increased 25 fold. Pius. a release of nutrients is shown at zero stirring time in Table 2
and Fig. 4. with the initial release oft nitrogenous nutrients being nearly half of thle final release
observed. Difrusion across, the sediment -water interface did not provide all of' the release
observed during emplacement. A.gain assutning 60 to 8 0o porosity in the sediment. the
increases in siiica and phosphate would have reouired all the interstitial silica and phosphate
in thle uipper ; to 10 mmn of' sedimient, and. during thre 3 to 4 h emplacement period. diffusive
exehanize could not have occurred over more than I to 2 mm. Thus. the initial release came
partlyr front at small amount of' sediment resuspended during the emplacement. No release wvas
aniticipated. so thle suispended matter in the seasmater wvas not determined before emplacement.
anjd how% much of' the 2 1 ing I 'SUSPLnded matter before stirring (Table 2) was due to the
emplacement is unknown. Thus, the ntient release per gram of emplacement resuspended
sediment is difficult to ascertain. Assurmie that the emplacemeni water initially bad no
suspended matter. we can estimate minimum release ratios (fablc 3).
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The Seconld stave of nutrient release came after 30 mitn of stirrne. shen thle stirring speed
%%as itncreased to' 38 cm s'and exteilsi% e erosion hegzan (Table '2. Fig. 4). All nutriet
concentrations increased rapidly during thce resuspension. and thle relative increases in
phosphate and silica were highcr than1 thlat Of suspended matter (Fit:z. 4). Ratios I' turtett
released per erami of eroded sedintent were calculated for the period of 35 to 60) min strrtna
time when thle erosion was most rapid (Table 3). Fihe release ratios are roughly two orders tit'
ntaen(itIi less than those fbr the first stage.
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The third stage of nutrient release was between 3 and 19.5 h of stirring and was weaker
than the other two. Silica and nitrogenous nutrients were released slightly and phosphate may
have even decreased. however the total amount of resuspended sediment nearly doubled
(Fig. 4). The implication is that most of the releasable nutrients are in the upper few
millimeters of sediment.

During the three stages, release of nitrite and nitrate appeared to be related to that of
ammonia iTable 2). The first major change was the appearance of ammonia. As erosion
commenced and continued, ammonia concentrations remained fairly constant and then rose
to about 7 pM after I h of stirring. Meanwhile. nitrate concentrations increased slightly and
then. after the first hour. began to increase as the ammonia concentrations began to fall. After
3 to 19 h of stirring, nitrate became the principal nitrogen compound. The pattern of
ammonia release followed by increasing nitrate concentration resembles the classic
description of the regeneration of nutrients from phytoplankton populations-
ammonification followed by nitrification (RICHARDS. 1965: HARVEY. 1955). Oxygen
concentrations measured at 3.2 and 19.5 h stirring time were 4.0 and 4.4 m[ (STP I
respectively. Thus. ample oxygen was present to oxidize ammonia and bacterial substrate was
ample.

The flux of nitrogenous compounds during stirring can be compared with fluxes estimated
for other nearshore sediments (Table 4). The rate used for the experiment was that from when
erosion was extensive between 35 and 60 min. The flux in the experiment is much higher than
the other estimates, which are either for long time periods (BILLEN. 1978) or for benthic
chambers that prevent resuspension (NIXON. OvIArr and HALE. 1976). In contrast, a
resuspension flux associated with erosion is for a single. dramatic, and fairly infrequent event.

lb-1 4. Estimated.fluxes of inorcaaiicr.rmis of combined nftrocen from rarious areas
qf the conti'ntal maritin under difren,t conditions

Sediment condition Fluxes of NH, - NO-, NO
Sediment location during release (gg-at. N m m min-')

Venezuelan shelf Artificially eroded 41.4
(water depth. 100 ml
North Sea

coastal* Natural 2.8
offshore Natural 1.5
whole area* Natural 2.0

Narraganseit Bay + Under benthic chamber 1.3-1.7

* BiLt tI 1197 ). lone term aicrage.
+ NixoN t al. ( 19

716 l. aseragcd oser I year.

If the interstitial concentrations of core G.C. 17 represent those of the stirred core. the pore
waters released during stirring had about 250 gM SiO., and 5 aMM PO, . Assuming a sediment
of 60 to 80"o porosity and a dry density of 2.7 g cm , the amounts of interstitial silica and
phosphate available were:

8.3 s 10 to 2.2 , 10 g SiO. perg solid

and

2.6 10 to 7.0 ,10 "g PO per g solid.
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But the data in Table 3 show that. during rapid erosion, the release ratios of silica and
phosphate were:

2.3 x l0- g SiO2 per g resuspended solid

and

1.7 x 10 - 5 g PO- per g resuspended solid.

Thus, during the second stage, the interstitial waters appeared to contribute only a small
fraction of the total silica and phosphate released. The implication is that the upper few
millimeters of continental-margin sediment may contain a considerable reservoir of nutrients
attached to the deposited particles and releasable by resuspension.

DISCUSSION

The information presented suggests that resuspension of continental margin sediment is

important in fertilizing nearshore waters. Near-bottom nutrient enrichment along the
northeastern margin of the Gulf of Mexico can be explained by such a process as can storm-
related changes in nutrients and suspended load south of Mobile Bay. Alabama. Further. a
laboratory study of deltaic sediment from the Orinoco demonstrated substantial nutrient
release from rather gentle disturbances.

The question of the true importance of resuspension as a fertilizing mechanism arises.
However, we wish to emphasize that resuspension is at best a mechanism for recycling
nutrients between water column and sea bed. Any nutrients released by resuspension could
only have reached the sea bed by the sinking of some form of organic matter from the water
column. The ultimate source of most oceanic nutrients is land runoff. However. resuspension
could play a role in sustaining high productivity on some continental margins by accelerating
nutrient turnover.

For the Gulf of Mexico, considerations of the importance of resuspension to nutrient

recvcling involve calculations of potential production from riverine nutrients, storm intensity
and the distribution of fine-grained sediment, and near-bottom er .,:hment.

According to work of the U.S. GEOLOGICAL SURVEY (1980). during 1977 to 1979 the
Mississippi River contained an average of 8.25 jig-at. P I ' in both dissolved and particulate
form and an average of 164 pg-at. N I ' as ammonia, nitrite, nitrate, and dissolved and
particulate organic nitrogen. We wili consider that all forms of nitrogen and phosphorus can
be used by phytoplankton and that all of the river runoff to the gulf from the United States

has the average concentrations obtained for the Mississippi. The Mississippi River runoff is
1.54 x 10'2 I d °' (HOLEMAN, 1968) and the runoff from other United States rivers is
0.41 x 0' 2: I d' (EL-SAYED et aL. 1972). making a total runoff from the United States to the
gulf of 2 10'2 Id '. The area of the United States gulf shelf is 3.34 x 10'' m' (MANHEINI.
1980). Therefbre. if we assume the Redfield ratios apply ( 106 C : 16 N : I P: RICHARDS. 1965).
the United States rivers could sustain an average shelf productivity along the gulf coast of
63 mg C m 2 based on the total riverine phosphorus or 78 mg C m d ' based on total
riverine nitrogen. Yet the measured productivities along the United States gulf coast are 2 to 3
times higher: 100 to 200 mg C m 2 d ' (EL-SAYED et al.. 1972). It is possible that the
phvtoplankton of the United States gulf coast photosynthesize more atoms of carbon per
atom of phosphorus or nitrogen than the Redfield ratios predict. but the higher shelf'
productivities may come from recycled nutrients. The possibility appears more likely because
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all of the riverine nitrogen and phosphorus used in the above estimate may not be usable by
phytoplankton: sediment resuspension could provide the additional source of nutrients.

An estimate suggests the potential enhancement of primary production by resuspension
along the gulf shelf with storms playing a major role. If I mm of shelf sediment is
resuspended, and the sediment had 80% porosity and 2.7 g cm-3 dry density. its resuspension
would introduce 540 v of solid material per square meter of water column. If resuspension of
shelf sediment from the gulf shelf releases approximately the same quantities of nitrogen and
phosphorus as occurred during the experiment, we can multiply the 540 g m by the release
ratios in Table 3 and the Redfield ratios to predict the potential enhancement in production.
The appropriate Redfield ratios are: 0.0795 mg C (jig-at. N) - and 1.272 mg C (lag-at. P)-.
From Table 3. release ratios for the emplacement stage predict enhancements ranging from
more than 6900 to more than 9000 mg C m-2: the ratios for the extensive-erosion stae
predict enhancement of 40 to 120 mg C m :. So resuspension of I mm of sediment could raise
primary production considerably, especially if the phytoplankton fix more carbon than pre-
dicted by the Redfield ratios (GOLDMAN. MCCARTHY and PEAVEY, 1979). Further, there are
many storms to resuspend sediment in the Gulf of Mexico. Fine-grained resuspendable sedi-
ment covers approximately 200.000 km- of shelf from Mobile Bay (DOYLE and SPARKS.
1980) to Mexico (SHIDLER. 1977). and much of it is under 50 m of water or less. Intense
storm fronts cross the area from northwest to southeast an average of four times a month
(HNRY., 1979): during the hurricane season, an average of four tropical cyclones and
hurricanes run ashore across this sediment (SIMPSON and LAWRENCE, 1971). Each storm
takes I to 2 days to pass a given point on the shelf, implying that the nutrients could be
introduced fast enough to be important to rates of productivity.

There are published references to the importance of recycled nitrogenous compounds from
the sea bed. Ho and BARREr (1977) concluded that ammonia enrichments in near-bottom
waters of Caminada and Barataria bays near the Mississippi delta in March and May of 1973
were produced when waves agitated sediments. NIXON (1981) presented budgets that show
that ammonia emitted from benthic communities is an important part of the nutrient balances
in coastal waters.

Our work on resuspension has some puzzling features. During the storm passage at Sta.
2639 south of Mobile Bay (Fig. 3). suspended sediment increased 1620 jAg I- .silica rose
2.4 jiM. and nitrate-nitrite rose 4.6 jiM throughout the bottom 15 m of the water column.
The release ratios as calculated from these field data are considerably larger than
observed in the stirring experiment (Table 3). The sediment resuspended during the first stage
of the stirring experiment could only be estimated as a maximum. If less were actually
resuspended during the emplacement. the release ratios for the first stage would have been
higher. more in agreement with ratios from Sta. 2639. The high fraction of clay minerals in
suspension at Sta. 2639 suggests that the suspended matter may have originated elsewhere.
perhaps to the west. During transit to Sta. 2639. some of the suspended matter may have
settled, but any nutrients present were dissolved and may not have vanished from the Wrater
column as quickly. The ratio of released nutrient concentrations to resuspended sediment
loads would appear to have increased during transit and would have been higher at Sta. 2639
than immediately after a resuspension event. either in situ or in the laboratory. Another puz-
zling feature of our work is the data from 20 February (Fig. 3). On that day. the water at Sta.
2639 had nutrient concentrations higher than those during the storm's passage and yet much
lower suspended loads. Again. the explanation may be the sinking of resuspended sediment
away from the soluble nutrients. In winter. storms pass that area every 2 to 4 days. Water
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may have been carried in before 20 February with high nutrient concentrations and
suspended loads and then remained, allowing the suspended matter to settle while the nutrient
concentrations remained fairly high. However. without more data we can only speculate
about events prior to 20 February.

CONCLUSIONS

Evidence from nutrient profiles on the northern rim of the Gulf of Mexico. from increases
in nutrients and suspended matter during a winter storm, and from laboratory resuspension
studies on fine-grained shelf sediment strongly suggest nutrient release during the resuspen-
sion of sediments.

The results from a laboratory release experiment on stirred sediment can be used in
evaluating the potential impact of resuspension by normalizing the nutrient release to the sedi-
ment release during stirring, giving a release ratio (Table 3). Application of those ratios show
that as little as I mm of resuspended shelf sediment could. with subsequent mixing into the
euphotic zone, significantly fertilize the overlying waters. The effect is an enhancement in
nutrient rcycling on continental shelves, thus providing a reasonable explanation of why shelf
productivities could be higher than predicted from fluxes of river nutrients.

The potential release of recycled nutrients from resuspended sediment should be included in
studies of nutrient balances along continental margins.

.4cknoivlediemens-The auihors thank KEN HADDAD. %'A[ ITNV 1. MAsy\ARD IIESSELY. and ROBERT G.
STrss ARD for assistance with the analyses and interpretation or' the data. The authors also are very graitti to
A.O.M.L. of the National Oceanic and Atmospheric Administration for penmission to use some oft their nutrient
data from the Gulf of Mexico iG. BE 'RBERIAN, and D. ATWOOD) and for shiptime on the RA'. Researcher.
Financial assistance tor the work from the following sources is gratefully appreciated: U.S. Bureau of Land
Manacemeni Contracts MIAFLA 08559 CT4 11 and AA550) CT7- 34: National Science Foundation Grants GA
4 1200. OCT '74 01480 A\02. and OCE 76 82416: Office ot Nasal Research Contract N00014-7; C 053').

REFEREFNC ES

HEM ~R P. R.. K. L. CARDI R and D. W. EGGftiANN (1974) Light scattering and suspended particulate matter on
a transect of the Atlantic Ocean at I I ON. In: Suspended solids in iwate, R. J. GiRs. editor. Plenum Press.
New York. pp. 295-314.

BEi-s.1 R P. R.. MI. A. B. P1 ACocK and R. R. JoLLEY (1978) Trace metals in suspended matter and zooplankion ot
the northeastern Gulf of Mexico MAFLA survey. Report to Dames and Mfoore Contract AA500 CT7 34.
S0pp. (Unpublished document.)

BILLI N G. 11978) A budget of nitrogen recycling in North Sea sediments off the Be~lgian Coast. Estuarine antd
Coastal .lartne Science. 7. 127.- 146.

DolUL. LJ. and T. N. Si'sRKs ( 1980) Sediments of the Mississippi. Alabama. and Florida (MAFLA) continental
shell. Journal of Sedomentary Petrolo~'t. 50. 905 -916.

EL SAN IrD S. Z.. W. M. SA( Kifl. L. M. JEFREY. A. D. FREDERICKS. R. P. S.Si't %D RS. R. S. Ciimti R. G. A.
FRyXiLL. K. A. Sri1 tttNtI k and S. A. EARLE 1972) Serial alias of the marine environment. Folio 22.
Chemistrv. Primary Productivity and Benthic Algae of the Gulf of Mexico. American Geographic Soct%.
New York. unpaged.

FANNiNa; K. A. and 1). R. SCIIINK (1969) Interaction of nairine sediments with dissolved %ilicai. Lanokhii andi
Oci'aniia.rapltr 14.59-hH.

FANNINi; K. A. and M.F. Q. PEiLSON (1971) Interstitial silica and pH in marine sediments: somraefetects of amp
ling procedure%. Science. 173. 1228-123 1.

FANNt%i, K. A. .ind Vs L M.VI%ARD0(979) Dissolved boron and nutrients in the mixing plumes of major tropical
risers . Net herlands.1Journal of Sea Rewiarrh. 12. 345 -354.

Gut iusikN J C .J. J. MI( CR rif, ,and 1). G. Pi Asiv t 1 974) Growth rate influence oin thcechemical compsition
ofifphyuuplankbon in oceanic ssaters. .%attire. 274. 210-2 15.



Sediment resuspension by coastal waters 965

GRASSH0EF K. and J. JIIAN,.'SEN (1972) A new sensitive and direct method for the automatic determination of
ammonia in seawater. Journal du Conseul. Conseil permanent International pour l'Exploration de Ia Aer. 34.
516-521I.

HARVEY H. W. (1955) Thte chemistrv and fertility of sea waters. Cambridge University Press. Cambridge. 224 pp.
HENRY W. K. (19 79) Some aspects of the fate of cold fronts in the Gulf of Mexico. .4tonthhi Weather R-esvew. 107.

1078-1082.
Ho C. L. and B. B. BARRETTr (1917) Distribution of nutrients in Louisiana's coastal waters influenced by the

Mississippi River. Estuarine and Coastal Marine Science. S. 173-195.
HOLE MAN J. N. 11968) The sediment yield of major rivers of the world. Wtater Resource Research. 4. 73 7-747.
MANvwi~m F. T. 11980) Personal communication from Program Feasibility Document. OCS Hard Mineral

Leasing Mining Policv. Phase If Task Force. U.S. Department of~the Interior, unpublished report. 1979.
,MArtsoFF G.. 0. P. BRICKER Ill. G. R. HOLDREN JR. and P. K.AIRK (1975) Spatial and temporal vanations in

the interstitial water chemistry of Chesapeake Bay sediments, In: Mfarine chemistrs in the coastal environ-
ment. T. M. CHULRCH. editor. American Chemical Society Symposium Series 18. Washington. DC. pp.
343-363.

NixoN S. W. ( 198 1) Remineralization and nutrient cycling in coastal marine ecosystems. In: Estuaries aiid
nutrients. B. NEILSON and L. E. CRONIN. editors. Humana Press. pp. 111-138.

NixoN, S. WV.. C. A. OVtAr-r and S. S. HALF. ( 1976) Nitrogen regeneration and the metabolism of coastal marine
bottom communities. In: The role of terrestrial and aquatic organisms in decomposition processes. J. MI.
ANDERSON and A. MI.cFXDYED. editors. Proceedings of the 17th Symposium. British FcologN Society.
Blackw ell Scientific Publishers. pp. 269-283.

Rititnrs F. A. 11965) Anoxic basins and fjords. In: Chemical occanographitIlst edition). Vol. 1. 1. P. RILEY and
G3. SsKtRROW. editors. A'cademic Press. London. p. t)24.

ROSi-NEELD J. K. 11979) Ammonium adsorption in nearshore anoxic sediments. Limnoloiti and Oceanoqrapki.
24. 356-364.

SIM UtR G. L. ( 1977) Late Holocene sedimentary provinces. south Texas outer continental shell. A4merican
A4ssociation o(Petroleum tGeologists Bulletin. 61, 708- 722.

SitipsoN R. Ht. and M. B. LAwkRENCI (1971) Atlantic hurricane frequencies along the U.S. coastline. N.O.A.A.
Technical Memorandum NIWS TM SR-SR. L.S. National OCeanic and Atmospheric Administration.
Southern Region Headquarters. Scientific Series Division. Fort Worth. Texas.

U.S. Gi otosiict. S-RVEY ( 1980) Water Quality Data Reports for 1977-78 and 1978-79. Mississippi Riser mile
76. Belle Chasse, LA.



UI


